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 Summary  
Embodied energy is the energy required directly and indirectly to manufacture products. 
Its analysis requires data on energy use and upstream requirements for other products. 
However, previous industry-based methods of embodied energy analysis are incomplete 
in framework. Previous national statistical methods, while comprehensive, are a ‘black 
box’, subject to errors. A new method is derived involving the decomposition of a 
national statistical model to allow more reliable industry data to be integrated. The 
method is demonstrated for an individual residential building, showing that—for many 
products—more types of industry data may need to be derived than previously thought.  
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Preface                                   
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environmental performance of buildings (beginning with Treloar, 1991). Since 1992, 
when I first worked at the Commonwealth Scientific and Industrial Research 
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introducing me to the field. A Master of Architecture degree resulted from that research 
(Treloar, 1994), which was jointly supervised by Dr Tucker and Mr Roger Fay of 
Deakin University.  
After that project, the insightful critique of Ms Carol McSporran (formerly of CSIRO 
BCE), regarding the errors involved in embodied energy calculations, inspired me to 
question the completeness of previous methods. This lead to a narrowing of focus in the 
work reported in this thesis, concentrating on the flaws in previous methods relating to 
framework incompleteness.  
The work has been greatly assisted by many people, and I particularly wish to thank the 
following (though, any remaining errors are my own): 
• Mr Roger Fay (principal supervisor) for his unfailing support, both personal and 
academic, and for making available product quantities he derived for the building 
used in chapter 4 for the demonstration of the new input-output-based hybrid analysis 
method (listed in appendix F); 
• Dr Selwyn Tucker of CSIRO BCE (external supervisor) for his incisive technical and 
editorial advice; 
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While the work represents a multi-disciplinary approach (combining techniques and 
information from the fields of architecture, engineering, macro-economics, 
mathematics, computing science and ecological modelling), it was written in the field of 
architecture. This thesis is dedicated to my daughter, Meredith, and its timely 
completion is due to the love and support of my wife, Tanya, and my family. 
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Abstract                               
The assessment of the direct and indirect requirements for energy is known as embodied 
energy analysis. For buildings, the direct energy includes that used primarily on site, 
while the indirect energy includes primarily the energy required for the manufacture of 
building materials. This thesis is concerned with the completeness and reliability of 
embodied energy analysis methods. Previous methods tend to address either one of 
these issues, but not both at the same time. Industry-based methods are incomplete. 
National statistical methods, while comprehensive, are a ‘black box’ and are subject to 
errors. A new hybrid embodied energy analysis method is derived to optimise the 
benefits of previous methods while minimising their flaws.  
In industry-based studies, known as ‘process analyses’, the energy embodied in a 
product is traced laboriously upstream by examining the inputs to each preceding 
process towards raw materials. Process analyses can be significantly incomplete, due to 
increasing complexity. The other major embodied energy analysis method, ‘input-
output analysis’, comprises the use of national statistics. While the input-output 
framework is comprehensive, many inherent assumptions make the results unreliable.  
Hybrid analysis methods involve the combination of the two major embodied energy 
analysis methods discussed above, either based on process analysis or input-output 
analysis. The intention in both hybrid analysis methods is to reduce errors associated 
with the two major methods on which they are based. However, the problems inherent 
to each of the original methods tend to remain, to some degree, in the associated hybrid 
versions.  
Process-based hybrid analyses tend to be incomplete, due to the exclusions associated 
with the process analysis framework. However, input-output-based hybrid analyses tend 
to be unreliable because the substitution of process analysis data into the input-output 
framework causes unwanted indirect effects.  
A key deficiency in previous input-output-based hybrid analysis methods is that the 
input-output model is a ‘black box’, since important flows of goods and services with 
respect to the embodied energy of a sector cannot be readily identified. A new input-
output-based hybrid analysis method was therefore developed, requiring the 
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decomposition of the input-output model into mutually exclusive components (ie, 
‘direct energy paths’).  
A direct energy path represents a discrete energy requirement, possibly occurring one or 
more transactions upstream from the process under consideration. For example, the 
energy required directly to manufacture the steel used in the construction of a building 
would represent a direct energy path of one non-energy transaction in length. A direct 
energy path comprises a ‘product quantity’ (for example, the total tonnes of cement 
used) and a ‘direct energy intensity’ (for example, the energy required directly for 
cement manufacture, per tonne).  
The input-output model was decomposed into direct energy paths for the ‘residential 
building construction’ sector. It was shown that 592 direct energy paths were required 
to describe 90% of the overall total energy intensity for ‘residential building 
construction’. By extracting direct energy paths using yet smaller threshold values, they 
were shown to be mutually exclusive. Consequently, the modification of direct energy 
paths using process analysis data does not cause unwanted indirect effects. 
A non-standard individual residential building was then selected to demonstrate the 
benefits of the new input-output-based hybrid analysis method in cases where the 
products of a sector may not be similar. Particular direct energy paths were modified 
with case specific process analysis data. Product quantities and direct energy intensities 
were derived and used to modify some of the direct energy paths. The intention of this 
demonstration was to determine whether 90% of the total embodied energy calculated 
for the building could comprise the process analysis data normally collected for the 
building. However, it was found that only 51% of the total comprised normally 
collected process analysis. The integration of process analysis data with 90% of the 
direct energy paths by value was unsuccessful because:  
• typically only one of the direct energy path components was modified using process 
analysis data (ie, either the product quantity or the direct energy intensity); 
• of the complexity of the paths derived for ‘residential building construction’; and 
• of the lack of reliable and consistent process analysis data from industry, for both 
product quantities and direct energy intensities. 
While the input-output model used was the best available for Australia, many errors 
were likely to be carried through to the direct energy paths for ‘residential building 
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construction’. Consequently, both the value and relative importance of the direct energy 
paths for ‘residential building construction’ were generally found to be a poor model for 
the demonstration building. This was expected. Nevertheless, in the absence of better 
data from industry, the input-output data is likely to remain the most appropriate for 
completing the framework of embodied energy analyses of many types of products—
even in non-standard cases.  
‘Residential building construction’ was one of the 22 most complex Australian 
economic sectors (ie, comprising those requiring between 592 and 3215 direct energy 
paths to describe 90% of their total energy intensities). Consequently, for the other 87 
non-energy sectors of the Australian economy, the input-output-based hybrid analysis 
method is likely to produce more reliable results than those calculated for the 
demonstration building using the direct energy paths for ‘residential building 
construction’.  
For more complex sectors than ‘residential building construction’, the new input-
output-based hybrid analysis method derived here allows available process analysis data 
to be integrated with the input-output data in a comprehensive framework. The 
proportion of the result comprising the more reliable process analysis data can be 
calculated and used as a measure of the reliability of the result for that product or part of 
the product being analysed (for example, a building material or component). 
To ensure that future applications of the new input-output-based hybrid analysis method 
produce reliable results, new sources of process analysis data are required, including for 
such processes as services (for example, ‘banking’) and processes involving the 
transformation of basic materials into complex products (for example, steel and copper 
into an electric motor).  
However, even considering the limitations of the demonstration described above, the 
new input-output-based hybrid analysis method developed achieved the aim of the 
thesis: to develop a new embodied energy analysis method that allows reliable process 
analysis data to be integrated into the comprehensive, yet unreliable, input-output 
framework. 
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Plain language summary 
Embodied energy analysis comprises the assessment of the direct and indirect energy 
requirements associated with a process. For example, the construction of a building 
requires the manufacture of steel structural members, and thus indirectly requires the 
energy used directly and indirectly in their manufacture. Embodied energy is an 
important measure of ecological sustainability because energy is used in virtually every 
human activity and many of these activities are interrelated.  
This thesis is concerned with the relationship between the completeness of embodied 
energy analysis methods and their reliability. However, previous industry-based 
methods, while reliable, are incomplete. Previous national statistical methods, while 
comprehensive, are a ‘black box’ subject to errors.  
A new method is derived, involving the decomposition of the comprehensive national 
statistical model into components that can be modified discretely using the more 
reliable industry data, and is demonstrated for an individual building. The 
demonstration failed to integrate enough industry data into the national statistical 
model, due to the unexpected complexity of the national statistical data and the lack of 
available industry data regarding energy and non-energy product requirements.  
These unique findings highlight the flaws in previous methods. Reliable process 
analysis and input-output data are required, particularly for those processes that were 
unable to be examined in the demonstration of the new embodied energy analysis 
method. This includes the energy requirements of services sectors, such as banking, and 
processes involving the transformation of basic materials into complex products, such 
as refrigerators. The application of the new method to less complex products, such as 
individual building materials or components, is likely to be more successful than to the 
residential building demonstration.  
A Comprehensive Embodied Energy Analysis Framework 
PhD thesis by Graham J. Treloar, Deakin University  
Principal supervisor: Mr Roger Fay, School of Architecture and Building 
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1. Introduction  
Embodied energy is the energy consumed in all activities necessary to support a 
process. It comprises a direct and an indirect component (Baird and Chan, 1983). For 
building construction the direct energy includes the fuels used directly for the assembly 
of the building, while the indirect energy includes the energy embodied directly in 
inputs to the construction process, and the energy embodied directly in inputs to those 
processes, and so forth. The indirect energy thus comprises a chain of direct energy 
requirements leading upstream to raw materials in the ground (Boustead and Hancock, 
1979). Embodied energy is therefore an indicator of the indirect effects of a purchase 
with regard to energy consumption. 
This thesis is concerned with the relationship between the completeness of embodied 
energy analysis methods and their reliability. Previous methods tend to address either 
one of these issues, but not both at the same time. A new method, therefore, is required. 
The justifications for embodied energy analysis are firstly outlined. 
The concept of embodied energy is derived from the field of thermodynamics, initially 
involving the development of steam engines (Boustead and Hancock, 1979). The 
problem then was to balance heat gains and losses so that fuels could be consumed 
efficiently. Over two decades ago, energy conservation became a publicly recognised 
issue in developed nations due to the OPEC oil crisis (IFIAS, 1974). More recently, 
energy conservation has become a global issue due to the rapid depletion of 
economically viable fossil fuel reserves, the potential for an enhanced greenhouse 
effect, problems in managing nuclear sources and wastes, public resistance to hydro-
electric schemes and the mining of uranium, and the currently high cost of alternative 
energy sources, such as solar cells (England and Casler, 1995; Janssen, 1998; Östblom, 
1998).  
The life-cycle of a product includes a manufacturing phase and an operational phase, 
prior to it being reused, recycled or discarded (Bekker, 1982). Embodied energy is an 
Graham J. Treloar  June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 1: Introduction  page 2 
important concept because it represents a theoretical counterpoint to conventional 
methods used for the evaluation of energy efficient devices (such as thermal insulation 
and efficient luminaires in buildings). For example, rarely is the energy required to 
manufacture such products revealed in the marketing of the energy efficiency of their 
operational phase (Hill, 1978b). In contrast, in economic evaluations, both the capital 
cost and the operating costs are taken into account in a life-cycle costing. 
Increased operational energy efficiency alone, such as in the heating of buildings, may 
not result in minimum energy consumption in an overall life-cycle sense due to the 
effect of embodied energy requirements, such as those for additional thermal insulation. 
The energy embodied in energy saving features, such as house insulation, needs to be 
‘paid back’ within a reasonable period (England and Cassler, 1995). Furthermore, the 
efficient use and reuse of products represents a substantially untapped source of energy 
conservation, albeit indirectly (Berntsen, 1995).  
Current embodied energy analysis methods may be inadequate for the evaluation of 
such products and practices, due to inherent flaws. In industry-based studies, known as 
‘process analyses’, the energy embodied in a product is traced laboriously upstream by 
examining the inputs to each preceding process towards raw materials. However, 
process analyses can be significantly incomplete because they consider only the most 
obvious inputs (Lave et al, 1995).  
The other major embodied energy analysis method, ‘input-output analysis’, comprises 
the use of national statistics tabulating direct product flows between economic sectors 
(Miller and Blair, 1985). However, many inherent assumptions make the results 
unreliable (Peet and Baines, 1986). While the framework is completed using a variation 
on the mathematical technique known as ‘matrix inversion’ (Leontief, 1966), the input-
output model is effectively a ‘black box’, and consequently the systematic identification 
of the most important inputs to an economic sector is hampered (Stein et al, 1981; 
Seeman, 1984).  
Hybrid analysis methods involve the combination of the two major embodied energy 
analysis methods discussed above, either based on process analysis or input-output 
analysis (Bullard et al, 1978). The intention in both hybrid analysis methods is to 
alleviate the errors inherent to the two major methods on which they are based.  
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The problems inherent to each of the original methods tend to remain, to some degree, 
in the associated hybrid versions. The process analysis framework cannot be used as a 
basis for hybrid analysis because of its incompleteness (ie, regardless of the greater 
reliability of the process analysis data). The comprehensive input-output framework 
cannot currently be used as basis for hybrid analysis because the substitution of process 
analysis data into the input-output model causes unwanted indirect effects. For example, 
if the coefficient for cement used in concrete is modified to reflect the grade of in-situ 
concrete used, this will also affect the concrete used in pre-fabricated concrete products. 
This approach to input-output-based hybrid analysis has been necessary because the 
input-output model is a black box, as discussed above. 
A new input-output-based hybrid analysis method is required, so that case specific 
process analysis data can be substituted for the most important components of the 
national average input-output model. This approach could be used at the whole product 
level, for example, a building, or for parts of a product, for example, an individual 
building material or component. This is because if the framework is incomplete, then a 
comparison between competing products may be invalid. This new method is dependent 
on the decomposition of the input-output model into mutually exclusive components, so 
that the modification of a component using process analysis data can be done accurately 
(ie, regardless of the unreliability of the initial input-output model). Only then can the 
remainder of the unmodified components be added to the value of the modified 
components to make the framework more comprehensive while maximising the 
reliability.  
1.1. Aim 
Therefore, the aim of this research is to develop a new embodied energy analysis 
method that allows reliable process analysis data to be integrated into the 
comprehensive, yet unreliable, input-output framework.  
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The structure of the thesis is outlined below. The new input-output-based hybrid 
analysis method developed is demonstrated for a non-standard Australian residential 
building. The method though has wider applicability for embodied energy analyses, and 
quantitative environmental assessments, of any product or activity.  
Chapter 2 describes in more detail the limitations and benefits of the four previous 
embodied energy analysis methods: process analysis and input-output analysis, process-
based hybrid analysis and input-output-based hybrid analysis. Precursors of a method of 
systematically disaggregating the basic input-output model into mutually exclusive 
components (ie direct energy paths) from the field of ecological modelling are 
identified.  
In chapter 3, a method for the decomposition of the input-output model into direct 
energy paths is described. The direct energy paths extracted for the Australian 
‘residential building construction’ sector from the input-output model derived for 
Australia 1992-93 are presented in detail and are then compared to summary results for 
other sectors.  
The new input-output-based hybrid analysis method is developed and demonstrated in 
chapter 4. The direct energy paths for ‘residential building construction’ are modified 
using process analysis data collected for an individual residential building. A non-
standard building is deliberately selected to demonstrate the new method’s value in 
analysing non-representative sector outputs. The sum of the remainder of unmodified 
direct energy paths is then determined and, to make the framework of the analysis of the 
demonstration building more comprehensive, is added to the value of the paths that 
were modified using process analysis data. 
Chapter 5 examines the validity of the basic input-output model, the direct energy paths 
extracted for ‘residential building construction’, and the new input-output-based hybrid 
analysis method, as demonstrated in chapter 4.  
Conclusions to the thesis are presented separately in Chapter 6. Further research 
opportunities are identified for the new input-output-based hybrid analysis method 
described in chapter 4.  
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2. Embodied energy analysis  
While the concept of embodied energy has been introduced, and justifications for its use 
outlined, it has also been suggested that previous embodied energy analysis methods are 
flawed. A comprehensive framework is required to enable both the overall 
completeness and reliability of embodied energy analysis methods to be addressed.  
The aim of this chapter is to describe, in more detail, the benefits and limitations of 
existing embodied energy analysis methods. The two main embodied energy analysis 
methods are described:  
• process analysis; and  
• input-output analysis.  
Then, the two hybrid embodied energy analysis methods are described:  
• process-based hybrid analysis; and  
• input-output-based hybrid analysis.  
2.1. Process analysis 
Common definitions of process analysis identify the task of studying the inputs and 
outputs to systems, and the task of assigning energy values to the product flows (as 
described by, inter alia, International Federation of Institutes for Advanced Study, 
IFIAS, 1974; and Boustead and Hancock, 1979). The total embodied energy comprises 
the energy required directly for the main manufacturing process and the indirect energy 
embodied in the material inputs to the process.  
Embodied energy thus comprises a chain of direct energy requirements. For the 
construction of a building, for example, the direct energy may include that used on-site 
for the operation of power tools, while the indirect energy may include that used 
directly in the manufacture of structural steel used in the building. The indirect energy 
of the steel would in turn comprise energy embodied directly in the extraction and 
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transport of iron ore. However, the process analysis framework is incomplete, due to 
problems in tracing all of these upstream processes. 
Contrary to common definitions, process analysis will be defined here as ‘embodied 
energy analysis methods other than input-output analysis’. This definition serves to 
simplify methodological discussions regarding framework completeness.  
The methods of ‘statistical analysis’ and ‘life-cycle assessment’ are encompassed by the 
term process analysis, as defined in the previous paragraph. Statistical analysis involves 
industry-wide surveys of energy usage by government departments such as the 
Australian Bureau of Agricultural Resource Economics (Baird and Chan, 1983). It is 
included in the definition of process analysis here because of its similarity to the process 
analysis method with respect to the problem of framework incompleteness. Input-output 
analysis could be considered to be a subset of statistical analysis, because it is based on 
national statistics. However, input-output analysis is treated separately here because its 
framework is comprehensive (discussed in section 2.2).  
Life-cycle assessment, on the other hand, uses a similar framework to process analysis, 
but considers more environmental parameters than just energy, and more phases of the 
product life-cycle than just initial manufacture. Process analysis could therefore be 
considered a subset of life-cycle assessment. However, life-cycle assessment is included 
here in the definition of process analysis because its framework is incomplete for 
similar reasons (see sub-section 2.1.1).  
Process analysis, according to previous definitions, comprises four steps: 
1. measurement of the direct energy requirements of the process; 
2. measurement of the output of the process; 
3. quantification of the products required directly by the process; and 
4. the application of steps 1 and 3 to the products quantified in step 3, and so forth 
(Boustead and Hancock, 1979). 
Many previous definitions of direct energy (step 1 of a process analysis) focus on the 
main physical process, for example, the energy used in kilns for the firing of clay 
bricks. Typically, fuels purchased directly by the establishment for ancillary functions, 
such as transportation and lighting of storage areas, are included in the indirect energy 
(Baird and Chan, 1983). However, it is my view that the direct energy should include all 
fuels purchased to support the process under consideration, regardless of whether they 
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are required for the main process or ancillary activities (which may be remote from the 
construction site). This view represents an economic framework that is consistent with 
input-output analysis (see section 2.2).  
In an embodied energy analysis, it is most important to be clear about the type of energy 
being considered (Peet and Baines, 1986). There are several possibilities, including 
‘delivered energy’, for example, or ‘primary energy’ in either ‘enthalpy’ or ‘free 
energy’ terms (see glossary). Three examples may help clarify these concepts: 
a. If one is concerned about the consumption of hydro-electricity versus coal-fired-
electricity in a region, then the quantities of each energy type produced should be 
measured (ie, in delivered energy terms, including factors for distribution losses).  
b. If one is concerned about increasing ‘entropy’, then the consumption of all sources of 
primary energy, including the ‘free energy’ embodied in materials used, should be 
measured. This type of study may include human metabolic energy, the solar energy 
embodied in agricultural products, and the higher quality energy liberated through 
the combustion of fossil fuels (Odum, 1971; and Boyden et al, 1990).  
c. Finally, if one is concerned about the environmental impacts attributable to fossil 
fuel consumption, then the ‘enthalpy’ (ie, heat of combustion) of fossil fuels 
consumed is an acceptable measure, being easier to calculate than ‘free energy’ and 
involving an error of less than 10% (Boustead and Hancock, 1979).  
In this dissertation, energy is defined as the enthalpy of fossil fuels and derivatives, and 
is thus in primary energy terms (ie, as in example ‘c’, listed above). Unless otherwise 
specified, non-fossil fuel sources such as hydro-electricity will be considered equivalent 
to the comparative fossil fuel source such as coal-fired electricity. However, an 
assumption is made that non-fossil fuel sources have equivalent environmental impacts 
as fossil fuel sources.  
The assumption that non-fossil fuel sources are equivalent to fossil fuel sources is 
acceptable for the example above for four reasons:  
• there are environmental impacts associated with the construction of hydro-electricity 
facilities (though not necessarily as significant as coal power stations); 
• it is very difficult to determine whether using bricks instead of concrete in a building, 
for example, will indirectly require more hydro- or coal-fired-electricity;  
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• the amount of hydro-electricity consumed is small relative to the total amount of 
electricity produced (around 10% in 1992-93, Bush et al, 1993); and 
• the primary energy requirements are divided by the total amount of electricity 
produced (ie, the figures for electricity are a national average). 
The energy of human labour is not counted, because it is expected to be negligible in 
the context of the energy embodied in most products of developed economies (Boustead 
and Hancock, 1979). 
The derivation of embodied energy figures for each individual product of a process (for 
example, each steel beam) generally is not feasible, due to the onerous requirements for 
record keeping (Boustead and Hancock, 1979). Some degree of data aggregation is 
therefore necessary. However, the derivation of different embodied energy figures for 
short batch runs may be subject to large variations, due to, for example, production run 
efficiency, raw material source and quality, and ambient air temperature (Sinclair, 
1986). For this reason, measurements are generally taken over a considerable period of 
time and averaged over the production for that period (quantified in step 2 of a process 
analysis, listed at the start of this section). The result is a ‘direct energy intensity’ (ie, 
the energy consumed directly per unit of output).  
For establishments that produce more than one product, the common energy and 
product requirements need to be ‘allocated’ (ISO Technical Committee 207/SC5, 
1995a). For example, a steel fabrication establishment may consume electricity for 
welding. However, many types of steel products may be manufactured, and it may be 
difficult to meter the electricity consumed for each individual product. Four methods of 
allocation (also called ‘partitioning’, IFIAS, 1974) are used, involving the allocation of 
energy and product requirements to either:  
• the ‘main’ product (ie, other products are ignored); 
• each product, pro rata by price; 
• each product, pro rata by other physical unit (for example, tonnes); or 
• each product, based on the ‘marginal’ requirements (ie, the energy and products 
required to produce one more unit of each product, IFIAS, 1974).  
The first three of these methods also require that the ‘capital energy’ is calculated and 
allocated (ie, conforming to the IFIAS definition of an ‘average energy requirement’, 
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1974). Capital energy includes the energy embodied in equipment and buildings used in 
the process (Peet and Baines, 1986). 
The selection of the most appropriate allocation method is not straight forward 
(Boustead and Hancock, 1979). Results may vary widely according to the method 
chosen. Problems with allocation are likely to be less important than framework 
incompleteness, because, at worst, each of the four allocation methods can be applied 
and the results compared. However, the comparison of different levels of framework 
completeness is hampered by the lack of a method for identifying upstream inputs. 
Step 3 in a process analysis (listed at the start of this section) comprises the 
quantification of upstream inputs, required over the same period. For many larger 
building construction projects, ‘bills of quantities’ are compiled for cost control, 
comprising lists of quantities of materials and components required for each element of 
the building. They are generally developed by laboriously measuring items of the 
building from the construction documentation. Building elements are prescribed in 
standard publications (such as NPWC, 1980) and include, for example, ‘substructure’, 
‘windows’ and ‘electric light and power’. Elemental analysis is useful for embodied 
energy analysis because competing construction systems can be compared on a 
functional level (for example, internal doors), regardless of their constituent materials. 
This is preferable to comparisons of materials alone (Lawson, 1996b).  
Bills of quantities have been used for step 3 for the quantification of inputs to the 
construction process by some researchers (for example, McArdle et al 1993). Wastage 
factors are generally applied to the measured quantities to enable estimation of the 
amount of each product ordered and hence manufactured. However, while errors can 
exist in data compiled in bills of quantities (Edwards et al, 1990), they are likely to be 
less than the errors inherent to embodied energy data (which can be around ±30%, 
Pullen, 1995; and Bullard et al, 1978).  
The inputs of goods and services at each preceding stage can be considered to be 
upstream from the process under consideration. They are quantified to enable 
calculation of the indirect energy requirements of the process in step 4 of a process 
analysis (listed at the start of this section). The use of the product comprises the 
downstream phase. For a building, this would comprise operation, maintenance, 
refurbishment and demolition (Bekker, 1982). The is expressed schematically for the 
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life-cycle of a building in figure 2.1. Embodied energy is generally considered to 
comprise upstream energy requirements. However, energy can be embodied in products 
used during downstream phase (for example, either by the occupants of the building or 
in maintenance and refurbishment activities, Bekker, 1982). Energy is also embodied in 
the fuels used in building operation (as discussed earlier). 
use of product, culminating in either
modification, reuse, recyling or
disposal
upstreamdownstream
production of inputs to the
manufacturing process
commencement of manufacturing processcompletion of manufacturing process
time
 
Figure 2.1 Phases of a product’s life-cycle, showing processes upstream from the 
completion of the manufacturing process 
Typically, step 4 receives little effort in comparison to the first three steps (Boustead 
and Hancock, 1979; Lave et al, 1995), especially for the embodied energy analysis of 
basic products. This is because it is generally more difficult to obtain information on a 
company’s upstream suppliers than it is to measure its own activities. More often, in the 
embodied energy analysis of more complex products such as buildings, energy 
intensities are sourced from previously published studies (for example, Boustead and 
Hancock, 1979). Data is occasionally sourced from different countries, or for different 
manufacturing technology, fuel supply structures, transportation regimes and grades of 
raw materials. The errors introduced by using such poor quality data are not always 
acknowledged (Worth, 1992).  
Step 4 tends to be truncated well before sufficient levels of completeness are reached 
because of limitations on time and data (Lave et al, 1995). The sum of the energy 
consumed in upstream processes, including the direct energy, is then divided by the 
output of the process, determined in step 2. The result is the ‘total’ energy intensity of 
the product. However, this ‘total’ is incomplete. 
National average results may be most appropriate for analysis of products at the design 
stage because the type and source of materials may not yet be selected (Tucker et al, 
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1993). However, process analyses are typically not nationally representative, unless all 
producers in the chain have monopolies. This may be true for the main process, and a 
few of the upstream processes, but is unlikely to be true for all significant upstream 
processes. Process analyses are considered accurate for the precise system to which they 
relate (Boustead and Hancock, 1979; and Howard, 1991). However, sufficiently 
detailed systems are rarely reported in the literature. This means that it is difficult to 
compare process analysis results to one another.  
However, the main limitation of the process analysis method is not that details of the 
analysis are unable to be reported sufficiently, due to their complexity, but rather that 
they tend to be incomplete in framework. The IFIAS (1974) developed a framework 
classification model, for the purpose of comparing different studies (figure 2.2).  
However, the IFIAS framework classification model exhibits several opportunities for 
incompleteness, regarding the following: 
• activities associated with the main process, such as storage, administration and 
packaging (Lawson, 1996b); 
• inputs of services, such as banking and insurance—because process analyses usually 
focus on ‘materials’ (IFIAS, 1974; Connaughton, 1992; and Baird, 1994); 
• processes which transform and combine basic materials into more complex products; 
and 
• inputs of non-energy goods and services to fuel manufacture—because generally 
only the energy required for the extraction, manufacture and transportation of fuels 
(for example, of petrol), and the losses due to transmission (for example, of 
electricity), are included (Costanza and Herendeen, 1984). 
In addition to these opportunities for incompleteness, process analyses are also 
incomplete because of the exclusion of large numbers of small inputs. It is considered 
very difficult to determine all of the upstream processes required indirectly by a 
process, let alone to quantify their direct energy requirements (Lave et al, 1995). 
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level 1 level 2 level 3 level 4
main process
energy of transport
direct energy 
direct energy 
materials capital equipment 
of main process
direct energy direct energy 
capital equipment 
of other processes
energy of transport energy of transport energy of transport
aquisition, transfer and 
storage of fuels
aquisition, transfer and 
storage of fuels
aquisition, transfer and 
storage of fuels
upstream  
Source: after IFIAS, 1974 
Figure 2.2 IFIAS classification model for embodied energy analysis frameworks 
Many examples of the process analyses of basic materials and complex products can be 
found in the literature (for example, Hill, 1978a; Sinclair, 1986; D’Cruz et al, 1990; 
Howard, 1991; Lawson, 1996b; and Forintek Canada Corporation, 1993). Many process 
analyses of buildings neglect to investigate the direct energy of the construction 
process, in addition to the exclusions noted above for process analyses (for example, 
Lawson, 1996b). This is because there is little data available in the literature regarding 
the direct energy of construction. However, while Adalberth (1997b), one of the 
exceptions, included the energy usage of some on-site activities, the full range of the 
direct energy of the construction process was not acknowledged. For example, the 
energy consumed in administrative processes by the construction contractor was 
neglected. Miller and Humby (1994b) made similar exclusions in their rare 
investigation into the direct energy requirements of concrete floor construction. 
Häkkinen (1994) noted similar exclusions of ancillary components of the direct energy 
in life-cycle assessments (sub-section 2.1.1). 
Another reason why the direct energy of construction is commonly not investigated is 
that the indirect energy of buildings represents approximately 90% of the total (Stein et 
al, 1981). The indirect energy of basic materials, on the other hand, is often considered 
to be up to 50% (Baird and Chan, 1983). Consequently, for basic materials the direct 
energy is considered more important than for buildings.  
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The energy embodied in processes involving the manufacture of composite products 
from basic materials is typically ignored. Notable exceptions are Adalberth (1997b) and 
Baird and Chan (1983), in which the energy embodied in whitegoods was included. 
However, inputs of small items, such as adhesives, are typically omitted (except in very 
detailed cases, such as Baird and Chan, 1983).  
Energy embodied in inputs of services, such as banking and government administration, 
are rarely mentioned—even in methodological discussions (such as Boustead and 
Hancock, 1979 and Adalberth, 1997a). A notable exception appeared to be Baird and 
Chan (1983), who included ‘administration’ in the embodied energy analysis of a house. 
It appears as though this energy cost was for the construction contractor’s 
administration, rather than, for example, local government administration services. 
Inputs of other services, such as finance and insurance, either for the contractor, the 
building owner, or upstream manufacturers, were not mentioned by Baird and Chan. 
This may be because they were assumed to be negligible. Where ‘services’ are 
mentioned in the embodied energy analysis of a building, what is usually meant is 
‘building services’ such as air conditioning (for example, Janssen, 1998).  
For process analyses of products such as basic building materials (for example, steel, 
aluminium), the incompleteness has been estimated to be approximately 10% (Baird 
and Chan, 1983). However, this estimate was based on the incomplete framework 
represented by the IFIAS model (figure 2.2).  
For process analyses of more complex products, such as whole buildings, the 
incompleteness may be higher. Detailed process analyses of buildings are rare because 
total energy intensities derived using input-output analysis are frequently applied to the 
quantified basic materials. Such studies are classified generally here as process-based 
hybrid analysis analyses (section 2.3). However, the method used for the derivation of 
energy intensities is often not reported, making such classifications impossible (Worth, 
1992).  
Many studies use databases of total energy intensity values compiled by others, some of 
which use input-output analysis (such as Boustead and Hancock, 1979; Stein et al, 
1981; Baird and Chan, 1983). Kohler et al (1997) recommended that older databases no 
longer be used because of ambiguous frameworks and more recent modernisation of 
industrial processes. They reported the development of a new database for Germany, 
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Switzerland and Austria, comprising total energy intensities for 150 basic materials and 
100 composite materials. However, it is unlikely that this list will be sufficiently 
detailed for the range of products used in these three countries, for example, for 
construction. Furthermore, the framework used by Kohler et al (1997) may be 
significantly incomplete and incompatible with the economic input-output framework. 
Process analysis databases tend to be crude and inconsistent, due to the lack of 
transparent data from industry (Elliott and Palmer, 1996; Krogh and Hansen, 1997). 
This problem is exacerbated by the wide range of products manufactured in developed 
and developing economies. Often the number of products included in such databases is 
determined for the analysis of specific products (such as residential buildings, for 
example, Tucker et al, 1996). This limits the size of the database, making their 
production viable, but also limits their usefulness to the analysis of:  
• inputs of items considered to be negligible; and 
• other products (such as office buildings or cars in the above example). 
The number of inputs considered in a process analysis of a relatively simple product is 
typically less than ten, and often as few as three (Lave et al, 1995). The level of 
incompleteness in these cases may be small, due to the importance of the main 
processes (for example, in steel production, Alcorn, 1996). In rare cases, the direct 
energy is assumed to describe sufficiently the total embodied energy. The number of 
inputs typically considered in the embodied energy analysis of a building is discussed in 
section 2.3, because total energy intensities derived using input-output analysis are 
commonly used in more detailed studies (ie, comprising a process-based hybrid analysis 
method).  
Framework incompleteness may be most crucial where two or more options are being 
compared in a process analysis. In these cases, the incompleteness for one option may 
be more than the other. This could cause the comparison to be invalid if the 
completeness discrepancy is greater than the difference between the options. However, 
the completeness discrepancy between comparable studies currently is not able to be 
estimated.  
2.1.1. Life-cycle assessment 
Life-cycle assessment is the analysis of the direct and indirect environmental ‘loadings’ 
and ‘impacts’ associated with a process (Häkkinen, 1994). The term loadings refers to a 
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quantifiable activity for which the environmental consequences currently are unable to 
be measured (for example, emissions of carbon dioxide, an otherwise relatively benign 
greenhouse gas, IPCC, 1995). The term ‘impacts’, on the other hand, refers to activities 
which directly affect the environment (such as the habitat damage caused by the 
extraction of raw materials, Lawson, 1996b).  
Environmental loadings are calculated for emissions to air, water and land (ISO 
Technical Committee 207/SC5, 1995a). Environmental impacts are also considered, 
sometimes qualitatively. For example, the consumption of rainforest timbers may be 
quantified, but the effect on the ecology of the rainforest concerned may not be 
quantified. Similarly, the use of a material which is known to involve the emission of 
gases harmful to the ozone layer may be noted, but the quantity of the gas emitted may 
not be quantified. Waste and recycling activities are also considered (Lawson, 1996a). 
Life-cycle assessment, therefore, is a similar technique to process analysis, except that 
energy is not the only parameter being quantified at each stage of the upstream chain of 
processes. The whole life-cycle of the product may be considered, including 
manufacture, use, alteration and disposal (see figure 2.1). 
The four steps required for a life-cycle assessment are: 
1. goal definition (for example, the life-cycle phases to be considered); 
2. inventory analysis (quantifying inputs to the process, including energy); 
3. environmental assessment: classification and valuation (where parameters such as 
greenhouse gas emissions are assigned to the inventory); and 
4. interpretation (where areas for improvement are identified, Häkkinen, 1994).  
A typical life-cycle assessment may be as incomplete as a typical process analysis, 
assuming the same amount of time and resources is used for each. This is because the 
additional effort required for the environmental assessment phase of a life-cycle 
assessment (step 3) may result in less time being spent on the inventory (step 2). 
Step 1 and the second part of step 3 (ie, valuation) require value judgements (Häkkinen, 
1994). It has been stated that inventory analysis (step 2) and classification (the first part 
of step 3) “... are carried out on the basis of verifiable facts wherever possible ...” 
(Häkkinen, 1994, p. 8). This may be because the inventory and classification steps are 
thought to require little or no value judgements, and are thus based on scientific data 
(Häkkinen, 1994, pp. 7, 13). However, in the selection of items for the inventory, 
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subjective decision-making plays a role. This is because the full range of inputs are not 
known beforehand, due to their complexity (as discussed in section 2.1). Some inputs 
are excluded without consideration, and in some cases without acknowledgment (Lave 
et al, 1995).  
Häkkinen identified several common exclusions in the scope of life-cycle assessments, 
including: 
• “... aids used in raw material extraction and production such as explosives, lubricants 
and packaging materials; 
• additives used in production such as dyes, plasticisers, stabilisers;  
• adhesives and coatings such as paints and varnishes;  
• connectors; 
• wearing machine components used in crushers, grinders, saws and mixers; and 
• use and maintenance of production facilities, such as heating (1994, p. 9).” 
There are also several other types of exclusions not listed above, such as those 
identified earlier for process analysis:  
• ancillary activities;  
• inputs of services;  
• further processing; and  
• energy embodied in fuels through inputs of non-energy goods and services to energy 
supply sectors.  
These types of exclusions are also found in many life-cycle assessments (Lewis, 1996; 
and Janssen, 1998).  
Lave et al (1995) stated that not even the inventory phase of life-cycle assessments is 
able to be supported scientifically. Generally, only the inputs thought to be important 
are included. Some small inputs may be rejected because there were found to be 
unimportant in previous studies. However, it is more likely that most are simply ignored 
(Lewis, 1996). Methods differing slightly in their framework can obtain extremely 
variable results.  
Lave et al (1995) demonstrated the incompleteness of typical life-cycle assessments 
with an example of paperboard products (figure 2.3). Normally, only a fraction of the 
inputs to a process are considered (for example, the simple linear stream in figure 2.3 
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comprising ‘logging’ into ‘pulp mills’ into ‘paper mill’ into ‘paperboard products’). 
This example was given within the context of a comprehensive framework as suggested 
by an analysis of the input-output model (discussed in section 2.2).  
paperboard products
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Source: after Lave et al, 1995, p. 421A 
Figure 2.3 Direct and indirect suppliers to paperboard product manufacturers 
Services such as ‘wholesale trade’ are significant economic considerations, and were 
deliberately included by Lave et al (1995) in figure 2.3. This is one of the only instances 
found in the literature where services were specified in the inventory of either a process 
analysis or a life-cycle assessment (even though, in this case, the purpose was not the 
presentation of a study but rather the critique of a method).  
However, figure 2.3 indicates only part of the complexity of the input-output 
framework, because it lists only the main inputs to:  
• paperboard products;  
• paper mills; and  
• pulp mills. 
Life-cycle assessments can be as incomplete as process analyses, due to similar 
requirements for the inventory phase of both methods (Erlandsson and Odeen, 1994). It 
is therefore difficult to accept Häkkinen’s assertion that life-cycle assessments could 
provide “... a basis for developing a system with lower impact on the environment ...” 
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(1994, p. 13). This is because competing systems may be assessed with frameworks of 
such widely differing completeness that to compare the results would result in invalid 
conclusions. As with process analysis, the incompleteness affects the reliability of the 
comparison. 
It may have been possible for each node indicated in figure 2.3 to be further expanded, 
and for inputs to each of those nodes expanded, and so forth. However, the possibility 
of a systematic method of decomposing the input-output model was not acknowledged 
by Lave et al (1995).  
2.2. Input-output analysis  
Input-output analysis is a crucial embodied energy analysis method because it 
comprises a comprehensive framework. It uses a systems approach to model the flows 
of products between sectors of an economy, such that the detailed processes are 
represented by the average activity of each sector. Energy can be added to the model to 
allow calculation of the embodied energy of any sector. However, many inherent 
assumptions cause errors to be inextricably interwoven into embodied energy results 
derived using input-output analysis (Worth, 1992; Pullen, 1995).  
An input-output table, generally speaking, maps the relationships between 
compartments of a system (Miller and Blair, 1985). These could be, for example, 
sectors of an economy (Antweiller, 1996; Lissens and Rensbergen, 1996) or species in 
an ecology (Higashi et al, 1993a; Ulanowicz, 1983). Economic input-output tables have 
been used by many researchers for embodied energy analysis (for example, inter alia 
Bullard and Herendeen, 1975; Proops, 1977; Carter et al, 1981; and Stein et al, 1981).  
There are 113 sectors in the Australian economy (ABS, 1996a). Other countries have 
more sectors than this. For example, the U.S. input-output tables have approximately 
600 sectors (Stein et al, 1981). There are four energy supply sectors in the Australian 
economy: ‘coal, oil and gas’; ‘petroleum, coal products’; ‘electricity supply’ and ‘gas 
supply’. Every sector purchases energy directly from at least one of these energy supply 
sectors (ABS, 1996a).  
Each sector’s output comprises a number of ‘commodities’ (a further level of 
classification of products below sectors). In total, there are approximately 830 
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commodities in the Australian economy (ABS, 1996b). There are certain assumptions 
that have to be made with regard to transactions between sectors and the relative mix of 
commodities exchanged (see sub-section 2.2.3). Input-output tables are most commonly 
produced in economic units. Thus, in order to relate input-output data to physical 
quantities of energy and product quantities, price assumptions are required (Miller and 
Blair, 1985).  
Due to this and other inherent assumptions and errors (discussed in sub-section 2.2.3), 
the input-output data may only be useful for giving the relative importance of the 
energy embodied in inputs to a process (Tucker et al, 1994). However, the multi-level 
composition of the input-output model is obscured by the mathematical process by 
which the framework is completed (ie, matrix inversion).  
There are two types of input-output tables commonly used: 
• direct input-output matrices; and  
• Leontief inverse input-output matrices. 
Elements of the direct input-output matrix represent the amount of the row sector (for 
example, cement) in dollars required directly to make each dollar of output of the 
column sector (for example, concrete). These values are called ‘direct requirements 
coefficients’ (ABS, 1996a).  
The Leontief inverse input-output matrix was developed by Wassily Leontief during the 
1930s (Peet, 1985). A direct input-output matrix (A) has a Leontief inverse, (I-A)-1, 
where I is the identity matrix (ie, the matrix equivalent of unity, consisting of a square 
matrix of ‘zeros’ with the left-top to bottom-right diagonal consisting of ‘ones’, Miller 
and Blair, 1985). There are several limitations to the inversion of matrices generally, for 
example, that the direct input-output matrix is square, non-zero and non-singular 
(Namboodiri, 1984). None of these limitations typically apply to input-output tables 
derived for national economies.  
The Leontief inverse input-output matrix is obtained by manipulating the direct input-
output matrix (A) such that A x (I-A)-1 = I. This is equivalent in algebraic terms to the 
statement x x x-1 = 1, for any non-zero number (x). If the direct matrix is not subtracted 
from the identity matrix prior to inversion, then the resultant inverse matrix is invalid. 
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Elements of the Leontief inverse input-output matrix represent the amount of the row 
sector (for example, cement) in dollars required to directly and indirectly make each 
dollar of output of the column sector (for example, concrete). These values are called 
‘total requirements coefficients’ (ABS, 1996a), and represent the direct plus the indirect 
requirements. The indirect requirements represent a series of direct requirements for 
upstream inputs, which theoretically extend an infinite number of transactions upstream 
(Leontief, 1966; Miller and Blair, 1985). The derivation of the Leontief inverse input-
output matrix simulates the summing of this theoretically infinite series. 
Leontief first suggested the application of input-output analysis to environmental impact 
assessment circa 1970 (Miller and Blair, 1985). Input-output analysis has since been 
used widely for the embodied energy analysis of sectors of national economies 
(England and Casler, 1995). Recently, input-output analysis has also been used for the 
generation of inventories for life-cycle assessments (Lave et al, 1995), and the analysis 
of pollution (Antweiler, 1996) and resource depletion (England and Casler, 1995).  
The comprehensive input-output framework given by the Leontief inverse input-output 
matrix can be represented diagrammatically (figure 2.4). Stage 0 represents the direct 
energy required by the sector under consideration. Stage 1 represents the sum of the 
direct energy required to provide direct inputs to the main process, and so forth to 
stage ∞. The main process can be any sector of the economy, such as ‘residential 
building construction’. 
In figure 2.2 (the IFIAS framework for process analysis), the inputs of goods and 
services were classified by their type (for example, capital equipment used to 
manufacture materials used in main process). However, in figure 2.4, inputs of goods 
and services are classified by their position in the system relative to how many 
transactions removed they are from the process under consideration. This latter type of 
framework is favoured by ecological economists because the economy is measured in 
dollars, and financial transactions govern the manner in which data is most commonly 
collected (Daly, 1990).  
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goods and servicesgoods and servicesgoods and services
 
Source: after Boustead and Hancock, 1979, p. 79 
Figure 2.4 Input-output framework, by upstream stage  
In figure 2.4, any sector, such as steel manufacture or transport, could appear at any and 
every stage between 0 and ∞. However, in figure 2.4, and in input-output analysis 
generally, this complexity is obscured.  
In figure 2.5, a schematic diagram of a direct input-output matrix is given, with seven 
broad sector groups:  
• primary production;  
• basic materials;  
• other products;  
• construction and equipment;  
• transport;  
• energy; and  
• services.  
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Figure 2.5 Schematic of a direct input-output matrix  
Three direct input-output coefficients commonly included in a process analysis are 
indicated by bold arrows in figure 2.5. The first coefficient arrowed is ‘energy’ into 
‘transport’ (‘A-B’) representing, for example, the diesel fuel purchased used in road 
transport. The second coefficient is ‘transport’ into ‘basic materials’ (‘C-D’) 
representing, for example, the transport services used by the steel sector. The third 
coefficient is ‘basic materials’ into ‘other products’ (‘E-F’) representing, for example, 
basic steel purchased by a fabricator of structural metal products.  
The three direct input-output coefficients identified in figure 2.5 form an example of a 
‘direct energy path’: the energy required directly for ‘transport’ used by ‘basic 
materials’ for the manufacture of ‘other products’ (ie, ‘A-B-C-D-E-F’). The linking of 
these three coefficients to form a direct energy path is indicated by the two dashed lines 
in figure 2.5 between: ‘B’ and ‘C’; and ‘D’ and ‘E’. Since energy is the parameter of the 
analysis, this direct energy path may be simplified to ‘B-C-D-E-F’ (ie, by removing the 
‘energy’ node, ‘A’). Furthermore, there is no need to repeat the nodes ‘C’ and ‘E’, since 
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they repeat the nodes ‘B’ and ‘D’, respectively. This simplifies the direct energy path 
notation even further in this case to ‘B-D-F’.  
However, figure 2.5 does not represent a convenient schematic for a discussion 
concerning direct energy paths. The inversion of the simplified input-output matrix 
given in figure 2.5 is represented diagrammatically in figure 2.6. Inputs are traced 
backwards in this example up to five stages upstream. Purchases from energy supply 
sectors are represented by red lines of medium thickness. The thick lines with arrows 
represent the energy required by ‘basic materials’ used in ‘other products’ used in 
‘construction and equipment’ (ie, ‘B-C-D’). In this schematic, the direct energy paths 
are linear, rather than circuitous (as in figure 2.5).  
Figure 2.6 highlights an anomaly with regard to the treatment of energy requirements. 
The direct purchase of energy by ‘residential building construction’, for example, would 
be called a stage 0 direct energy path according to the IFIAS framework (1974, 
summarised in figure 2.2) and according to the framework for the input-output model 
given in figure 2.4. In figure 2.6 direct purchases of all goods and services, including 
energy, are stage 1 paths. The problem, therefore, is that inputs of energy should be 
represented one stage closer to the target sector. The direct energy path ‘B-C-D’ should 
be a stage 2 direct energy path rather than a stage 3 direct energy path. 
Figure 2.6 was therefore redrawn in figure 2.7 to show purchases of energy as the 
parameter of the analysis, occurring one stage closer to the target sector. The flows of 
goods and services are represented on a two dimensional x-y plane, with purchases of 
energy given as a third dimension (ie, on the z-axis). Requirements for energy are no 
longer traced in the x-y plane. The height of each energy line indicates the quantity of 
energy consumed. The direct energy path ‘B-C-D’ is shown more correctly as a stage 2 
direct energy path. Again, ‘A’ is not listed in the direct energy path notation because it 
is the parameter of the analysis. While figure 2.7 better shows the complexity of the 
input-output model than figure 2.4, the complexity of the paths in figure 2.7 does not 
increase, as expected, as the distance upstream from the target sector increases. There 
appear to be only 181 direct energy paths in figure 2.7 (ie, 1 + 36 + 36 + 36 + 36 + 36). 
Yet in the input-output model, each node has its own series of inputs, resulting in a 
system with exponentially increasing complexity.  
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Figure 2.6 Schematic of the input-output model, by upstream stage 
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Figure 2.7 Schematic of the input-output model, with energy represented as a 
third dimension  
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 2: Embodied energy analysis   page 25 
The number of direct energy paths at each stage in an input-output framework is given 
by ns, where n is the number of sectors and s is the upstream stage number (Patten and 
Higashi, 1995; Ulanowicz, 1983). In this example, the number of direct energy paths up 
to and including stage 5 is 9931 (ie, 60 + 61 + 62 + 63 + 64 + 65). This level of 
decomposition would be advantageous for examining the assumptions inherent in the 
input-output model (sub-section 2.2.3). 
2.2.1. Calculation of energy intensities  
Direct energy intensities represent the amount of primary energy required directly by 
each sector per unit of economic output. The data required typically for the calculation 
of direct energy intensities are the coefficients in the direct input-output matrix relating 
to energy sales (in $/$) and a set of energy tariffs. Energy tariffs are average prices for 
the products of the energy supply sectors (Peet and Baines, 1986).  
A direct energy intensity for a sector is typically calculated by summing the products of 
the direct input-output coefficients describing purchases from the energy supply sectors 
by the sector concerned and the set of energy tariffs (equation 2.1). The Greek letter 
Sigma (Σ) signifies the ‘sum of’ the following part of the equation, which is iterated 
using integers representing values of e between 1 and E.  
εn en
e
E
D tariff= ×∑
=1 e
 (2.1) 
where: 
εn  = the direct energy intensity of the target sector, n; 
E  = is the number of energy supply sectors, e;  
Den  = the direct input-output coefficient for each e into n; and 
tariffe  = energy tariffs for each e, in units of energy per dollar in this case (after  
  Bullard et al, 1978). 
Equation 2.1 assumes that the set of energy tariffs is calculated once only for each 
energy supply sector (ie, the energy tariffs are assumed to apply across all purchases 
from each energy supply sector) and this approach is called fixed energy tariffs (Carter 
et al, 1981). The number of fixed energy tariffs equals the number of energy supply 
sectors (E). When the set of energy tariffs is calculated for each sector of the economy, 
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they are called variable energy tariffs (Carter et al, 1981). The number of variable 
energy tariffs is given by the total number of sectors (N) times the number of energy 
supply sectors (E).  
Total energy intensities represent the amount of primary energy required directly and 
indirectly by each sector per unit of economic output. The data required typically for the 
calculation of total energy intensities are the coefficients in the Leontief inverse input-
output matrix relating to energy sales and the energy tariffs. Bullard et al (1978) 
described the typical method for determining total energy intensities using the Leontief 
inverse input-output matrix (equation 2.2). This calculation is identical in form to the 
calculation of direct energy intensities given by equation 2.1.  
X T tariffn en
e
E= ×∑
=1 e
 (2.2) 
where: 
Xn  = the total energy intensity of the target sector, n; and 
Ten  = the total input-output coefficient for each e into n (after Bullard et al, 1978). 
The framework of this calculation is comprehensive, as indicated by figure 2.4. The 
major problem with the inverse matrix, though, is that it is a ‘black box’ (Stein et al, 
1981). The energy embodied in specific product flows cannot be determined from the 
Leontief inverse input-output matrix. Even the sum of the energy embodied in all 
processes at each upstream stage is concealed. This makes it difficult to determine even 
how many stages upstream to search for important direct energy paths. 
2.2.2. The power series approximation  
The Leontief inverse input-output matrix can be approximated using a power series. 
The power series approximation is useful for determining how many stages upstream to 
search for the most important direct energy paths. 
The power series approximation calculation was depicted schematically in figure 2.4, 
such that the primary energy embodied at each upstream stage is determined. As the 
number of upstream stages (S) in the power series approximation approaches infinity 
(equation 2.3), “... the matrix series post-multiplying (I-A) on the left-hand side of 
[equation 2.3] would constitute the inverse to (I-A), from the fundamental defining 
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property of an inverse, that a matrix times its inverse generates the identity matrix ...” 
(Miller and Blair, 1985, p. 23). Near the limit, the matrix AS+1 tends towards zero. 
Therefore, the power series approximation, theoretically, approaches the inverse matrix 
near the limit.  
(I-A) (I + A + A2 + A3 + ... AS) = (I-AS+1)           (Miller and Blair, 1985, p. 23) (2.3) 
2.2.3. Problems with input-output analysis  
Several problems with input-output analysis exist and four are discussed here:  
1. the proportionality assumption; 
2. the homogeneity assumption;  
3. errors relating to the use of economic data; and  
4. double counting of the energy embodied in delivered fuels.  
The first problem with input-output analysis, the proportionality assumption, is that the 
amount of goods and services required by a sector are directly proportional to the cost 
of each of the products of that sector (Peet and Baines, 1986). For example, if 0.9 t of 
steel is required to make one car then 1.8 t of steel would be required to make two cars 
of the same cost.  
The second problem with input-output analysis, the homogeneity assumption, is that all 
products of a sector require the same mix of inputs (varied in quantity by the 
proportionality assumption). Effectively, it is assumed that products of a sector are able 
to be substituted for one another, and are therefore equal to one another (Peet and 
Baines, 1986). For example, ‘steel’ is assumed to require the same mix of inputs (such 
as iron ore, road transport and banking services) across all types of ‘steel’ products. 
However, one type of ‘steel’ product may require, for one reason or another, 
consistently more iron ore per dollar of its price than other ‘steel’ products. 
Some sectors have relatively homogenous output in terms of classified commodities. 
For example, the output of the ‘concrete slurry’ sector comprises only two of the 830 
commodities from which the 113 sector economy comprises: ‘concrete slurry and 
mortar’ and ‘other income’ (ABS, 1996b). The second of these commodities is also 
included in many other sectors, and it is almost always inconsequential. The ‘concrete 
slurry’ sector, while appearing to be relatively homogenously, can be purchased as a 
practically limitless number of specific products. Different strength grades of concrete 
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require different quantities of cement (Cement and Concrete Association of Australia, 
1995). In the input-output model, varying quantities of cement are assumed to be 
proportional to the overall price of each grade of concrete (Worth, 1992). However, this 
assumption does not hold particularly well for concrete (Tucker et al, 1996) and may be 
either more or less applicable in other cases.  
The third problem with input-output analysis involves the use of economic data to 
model physical flows of goods and services. The use of economic input-output data to 
simulate embodied energy of individual products requires translation of product flows 
from dollars to physical units (for example, kWh, MJ, GJ, m3, m2, t, or m), as noted by 
Miller and Blair (1985). There are several distinct problems with this general 
assumption. National average prices are not always representative, due to negotiated 
tariffs by bulk purchasers for energy and other goods and services. Energy tariffs may 
not properly represent quantities of energy for peak rate charges fuels, such as 
electricity (Pears, 1997). Non-energy products from energy supply sectors may also be 
important for some sectors, such as provision of consultancy advice or special 
equipment. Some inputs of goods and services may occur consistently without payment, 
for example, waste products (Lawson, 1992b).  
Another common exclusion in input-output analysis is capital equipment. If an 
economic transaction does not commonly occur within a year, such as the purchase of 
capital equipment, then the flow is not likely to appear in the input-output tables 
(Boustead and Hancock, 1979). However, the effect of the exclusion of capital 
equipment is likely to result in incompleteness of around 1% (Peet and Baines, 1986). 
Energy input-output tables, currently unavailable in Australia (Sturgeon, 1997), only 
partially resolve errors relating to the use of energy tariffs and economic input-output 
data to derive direct energy intensities. The proportionality and homogeneity 
assumptions may still have significant effects.  
Input-output tables derived in physical units (for example, Stahmer et al, 1996), also 
currently unavailable in Australia, would only partially resolve errors relating to price 
assumptions for energy and non-energy products. Again, the proportionality and 
homogeneity assumptions may still have significant effects.  
More highly disaggregated input-output tables would resolve some, but not all, of the 
errors relating to the proportionality and homogeneity assumptions. However, there are 
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practical limits to the level of dissaggregation of input-output tables. Even at relatively 
high levels of disaggregation, the discrepancy between sectors and individual products 
is marked because there may be many thousands of individual products in an economy. 
This view ignores the effect that imports have on the range of products available in an 
economy. The number of variations increases dramatically in this instance, with the 
added effect of international transportation (Baird and Chan, 1983). 
The fourth problem with input-output analysis is the double counting of some amounts 
of energy. When the Leontief inverse is used, double counting can occur pertaining to 
interrelations between energy supply sectors (Peet and Baines, 1986). For example, the 
manufacture of electricity requires large amounts of primary energy, most commonly 
coal and gas in Australia (Bush et al, 1993). Both the delivered energy and the 
feedstock energy are counted in the standard input-output model, which is incorrect 
(Bullard et al, 1978). For example, if 3 GJ of coal is consumed directly to make 1 GJ of 
electricity, then according to the input-output model the energy embodied in 1 GJ of 
electricity would be 4 GJ (excluding the energy embodied in other inputs to electricity). 
However, the correct answer is 3 GJ in this case.  
One method proposed for eliminating this double counting involves truncating direct 
inputs of energy into energy supply sectors and then converting quantities of all 
delivered energy to primary energy terms (Costanza, 1979). In these types of methods, 
though, it is generally assumed that there is one or more primary energy supply sectors 
(supplying, for example, crude oil) and one or more delivered energy sectors 
(supplying, for example, petroleum). In Australia, the ‘coal, oil and gas’ sector is 
involved mainly with extracting and delivering primary fuels to the other energy supply 
sectors. However, not all purchases of products from the ‘coal, oil and gas’ sector are by 
the other energy supply sectors (ABS, 1996a).  
The exclusion of all primary energy inputs may result in undercounting of the primary 
energy embodied in delivered fuels, even if all delivered energy is converted to primary 
energy terms. Furthermore, the remaining quantities of energy will be expressed in 
delivered energy terms, which is not appropriate for summing because some delivered 
energy sources require more primary energy for their manufacture than others 
(Costanza, 1979). This highlights another problem. If raw energy is extracted and 
consumed by an establishment, then this is unlikely to be included in the input-output 
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tables (Tucker et al, 1993). Input-output analysis includes only fuels that are purchased 
from energy supply sectors.  
A related problem is associated with the combustion or non-combustion of purchased 
fuels. For example, if oil is purchased by the plastics industry for process feedstock, this 
amount is be counted implicitly in the input-output model and these amounts are very 
difficult to identify. An anomaly arises if the aim of the method is to count quantities of 
fuels in relation to their potential environmental impact after combustion. This is 
because some of the oil products are physically embodied in the plastic products, and 
thus are not burned. Such errors are likely to be of less importance than framework 
incompleteness, because the other fuels used to manufacture plastics, for example, are 
generally greater in quantity than the feedstock amounts (Boustead and Hancock, 1979).  
Conversion to primary energy terms requires the use of primary energy factors, which 
represent the ratio of primary energy embodied in a fuel to the delivered energy value of 
the fuel (see figure 2.2). Using the above example, the primary energy factor for 
electricity would be 3. Any quantities of electricity would be multiplied by this factor. 
The electricity quantities are thus replaced by, rather than added to, the coal quantities.  
The relative importance of these types and other problems with input-output analysis 
need to be considered in the context of framework incompleteness. Yet, some 
researchers consider input-output data too unreliable for many situations (Worth, 1992). 
However, despite the problems associated with input-output analysis the framework is 
comprehensive, relative to the process analysis framework. At the very least, the 
qualitative completeness of the input-output framework could be used to improve the 
way process analyses are conducted. More optimistic researchers have attempted to 
combine input-output data and process analysis data more directly, in order to reduce 
the effect of the errors associated with both methods. 
2.3. Hybrid analysis  
Hybrid analysis combines process analysis data and input-output data with the aim of 
reducing the errors inherent to both methods (Bullard et al, 1978; Oka et al, 1993; 
Kohler, 1987).  
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There are two possible options for the basis of a hybrid analysis:  
• process-based hybrid analysis; and  
• input-output-based hybrid analysis.  
While examples of both of these hybrid analysis options have been presented in the 
literature, proponents of one method have not been found to refer to the possibility of 
the other. Another definition of hybrid analysis found in the literature refers to the use 
of national average statistical analysis data in the construction of an input-output model 
(Tucker et al, 1994; Lissens and Rensbergen, 1996). For example, data on energy usage 
by national economic sectors can be incorporated directly into the economic matrix. 
This ‘hybrid analysis’ method is involved with improving the construction of the input-
output model in the first instance rather than improving the accuracy and completeness 
of the analysis of an individual product.  
2.3.1. Process-based hybrid analysis  
Process-based hybrid analysis involves the derivation of product quantities for an 
individual product and the subsequent application of total energy intensities derived 
using input-output analysis. Many researchers have demonstrated this method, 
including inter alia Oka et al (1993), McArdle et al (1993), Pullen (1995), and Fay 
(1998). In some cases, total energy intensities derived using process analysis are also 
used, but rarely is the corresponding reduction in the completeness of the framework 
acknowledged (Baird and Chan, 1983). While some errors are reduced through the use 
of process analysis data, the framework is completed where total energy intensities are 
derived using input-output analysis.  
The essential premise of process-based hybrid analysis methods is that the errors in the 
input-output model for the sector which produces a particular product can be obviated 
by determining the quantities of inputs of goods and services into the main process. The 
method tends to be used for the analysis of complex products, such as buildings, where 
the indirect energy is greater than the direct energy of the main process.  
Total energy intensities for basic materials derived using input-output analysis are 
typically translated into physical units by multiplying by average product prices for 
materials (Bullard et al, 1978). The additional errors introduced through the use of 
product prices may be more or less significant than the errors attributable to either the 
input-output or process analysis data alone. This feature of process-based hybrid 
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analysis seems to be one of the most sensitive in the whole method. If the prices are 
over estimated, for the most important items or materials for example, then the overall 
total figure may be grossly over estimated. 
Bullard et al (1978) claimed that process analysis provides an appropriate framework 
for hybrid analysis. However, the overall framework of process-based hybrid analysis 
has similar limitations to process analysis. For example, the energy embodied in the 
manufacture of complex products is often assumed to be represented by the energy 
embodied in the quantities of basic materials contained in them (for example, the steel 
and copper in an electric motor).  
Furthermore, efforts to quantify errors in input-output analysis often are based on the 
process-based hybrid analysis framework. For example, Pullen (1995) and Bullard et al 
(1978) both discussed the reduction of the effects of the proportionality and 
homogeneity assumptions through the derivation of process analysis data. However, the 
errors were only quantified for the direct energy paths considered and the indirect 
energy was assumed to be improved in the same manner as the direct energy. For 
example, if the quantity of concrete was determined, the total energy intensity was 
derived using input-output analysis. The reliability afforded by the concrete product 
quantity, though, was attributed to the indirect energy. However, the quantity of cement 
and other constituent products were not necessarily quantified, nor was the direct 
energy consumed at each of the nodes.  
Figure 2.8 shows the means by which only the basic materials were quantified for four 
selected composite items in a process-based hybrid analysis of an office building. The 
electric pump motor, for example, was not seen as an input from the ‘other electrical 
equipment’ sector into the ‘construction nec’ sector (as it is invisibly in the input-output 
model). Rather, it was seen as a series of direct inputs into ‘construction nec’ from the 
‘iron and steel’ sector and the ‘basic non-ferrous metals and products’ sector, for the 
basic materials ‘steel’ and ‘copper’, respectively. The processes required to combine 
these basic materials were thus neglected. When these types of exclusions are 
multiplied across the range of products consumed in a complex process such as 
construction, their importance as a group increases. 
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Source: Treloar, 1994, p. 87  
Figure 2.8 Processes excluded in a process-based hybrid analysis of an office 
building  
Even in very detailed studies of individual buildings, regardless of the number of items 
considered, the number of materials analysed is rarely reported to be more than 50. For 
example, in Treloar (1994) only 42 basic materials were used (distributed amongst the 
2000 separate items, sometimes containing more than one material in various locations 
around the building).  
‘Coefficients for further processing’ were used to approximate the additional energy 
embodied in differently manufactured variations of the same types of products. These 
coefficients were ratios based on published figures for basic and further manufactured 
products (such as published by Boustead and Hancock, 1979 and Baird and Chan, 
1983). For example, galvanised steel was assumed to be 1.2 times more energy 
intensive per tonne than normal steel products.  
The effective number of materials considered in the Treloar (1994) study was greater 
than 50, taking account of the use of coefficients for further processing, but was 
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probably less than 90. Due to the use of these coefficients, some of the energy embodied 
in further manufacturing processes was simulated, reducing the incompleteness relating 
to these types of processes in this study. However, a more accurate method for 
accounting for these types of processes is required.  
The exclusion of processes which combine basic materials into more complex products 
is common in the fundamental literature on hybrid analysis (inter alia, Bullard et al, 
1978; Booz et al 1979; Baird and Chan, 1983; Peet and Baines, 1986; and Pullen, 
1995). For example, while Bullard et al (1978) listed total energy intensities for all 
sectors of the economy, in their practical demonstration of process-based hybrid 
analysis the same types of errors noted above for the Treloar (1994) study were made, 
without acknowledgment.  
The level of overall incompleteness in process-based hybrid analyses may range from 
item to item between 0% and 100%. For very simple items that are investigated in 
enormous detail, the incompleteness may be close to 0%. For items which are 
neglected, the incompleteness may be 100%. However, it is not worth investigating 
small items when more detail could be derived for more important inputs. In many 
cases, it may be worth investigating inputs further upstream from a more important 
input before investigating very small direct inputs. For example, the indirect input of 
cement into concrete used in the construction of a building is likely to be more 
important in embodied energy terms than steel door hinges.  
It is very difficult, though, to estimate the incompleteness of process-based hybrid 
analyses relative to the input-output framework. Similarly, the relative importance of 
items which are normally neglected is not known.  
For the office building study noted above, the total energy embodied in the top nine 
materials out of those considered represented 85% of the total embodied energy 
calculated using the process-based hybrid analysis method (Treloar, 1994). This figure 
was not able to be compared directly to the input-output framework because ‘materials’ 
are at a higher level of disaggregation than ‘sectors’. The embodied energy in all the 
materials was therefore re-classified here by 1992-93 ASIC sectors (table 2.1, using the 
Commodity Details report, ABS, 1996b). Inputs of materials classified in the top nine 
sectors represented 98.92% of the derived total for the building (in total embodied 
energy terms).  
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 2: Embodied energy analysis   page 35 
Table 2.1 Total embodied energy for top nine sectors for an office building 
process-based hybrid analysis  
sector  embodied energy (GJ) proportion of total (%) 
iron and steel 188 000 46.72 
concrete slurry 88 400 21.91 
basic non-ferrous metals and products  34 900 8.65 
other mining 26 800 6.63 
plastic products  21 900 5.44 
glass and glass products 16 300 4.05 
textile products  10 800 2.68 
plaster and other concrete products  9 860 2.44 
ceramic products  1 600 0.40 
total for top nine sectors 399 000 98.92 
total for other five sectors  4 350 1.08 
total for the 14 sectors considered 403 000 100.00 
Source: derived from Treloar, 1994 using the Commodity Details report, ABS, 1996  
NB columns may not sum due to rounding 
The data in table 2.1 is depicted graphically in figure 2.9, showing the rapid decay of 
the important of sectors to which the embodied energy of items in the case study office 
building were allocated. 
The direct energy of the construction process was assumed to add approximately 10% 
to the total calculated so far (Treloar, 1994). Therefore, the total energy embodied in the 
top nine sectors was assumed to represent approximately 90% of the total embodied 
energy of the building. However, the classification of materials into sectors in this 
manner did not correctly simulate the method used in the 1994 study. The use of 
‘coefficients for further processing’ may increase the number of inputs from nine to 
approximately 30. Furthermore, inputs that had not been considered in the 1994 study, 
such as those involving services and smaller items, may be more important that those 
that were considered.  
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 2: Embodied energy analysis   page 36 
0% 10% 20% 30% 40% 50%
iron and steel
concrete slurry
basic non-fe mets & prods 
other mining
plastic products 
glass products
textile products 
plaster & oth conc prods 
ceramic products 
proportion of total embodied energy
 
Source: table 2.1, which was based on Treloar, 1994  
Figure 2.9 Top nine sectors comprising the total embodied energy for the 
process-based hybrid analysis of an office building  
Also, the data in table 2.1 is in total embodied energy terms rather than direct energy 
terms. Concrete, for example, may need to be broken down to cement and its other 
major constituents at stage 2. More than 90 direct energy paths may be required to 
describe 90% of the total embodied energy in this case.  
This rather crude analysis was used to develop the concept that the direct energy paths 
describing approximately 90% of the total energy intensity of ‘residential building 
construction’ could be used as the basis for an input-output-based hybrid analysis of an 
individual residential building.  
2.3.2. Input-output-based hybrid analysis  
Where the direct energy intensity of a material is relatively small, compared to its total 
energy intensity, the material inventory of a process-based hybrid analysis is 
occasionally extended a further stage upstream so that more certainty can be attributed 
to these materials. For example, the energy embodied in concrete was found to comprise 
mostly the energy embodied in cement (Tucker et al, 1996). The quantity of cement in 
the grades of concrete used was derived, and a total energy intensity for cement was 
used. This gave greater reliability to the overall total energy intensity for concrete. 
However, the decision to explore the upstream inputs to concrete manufacture in this 
process-based hybrid analysis was arbitrary. 
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The above example serves to introduce the concept of input-output-based hybrid 
analysis. The process analysis data was used by the author in Tucker et al (1996) to 
modify one component of the input-output derived total energy intensity for concrete, 
while input-output data for the rest of the model was left in place to retain the 
completeness.  
Input-output-based hybrid methods can be classified into three options: 
1. substitution of process analysis data into the input-output model; 
2. adding a column to the input-output model for the process analysis data; and  
3. modification of direct energy paths with process analysis data.  
These three input-output-based hybrid analysis options are discussed below in the 
context of the disaggregated input-output model presented schematically in figure 2.7 
The first input-output-based hybrid analysis option involves the substitution of process 
analysis data for coefficients in the direct input-output matrix (Bullard et al, 1978; 
Seeman, 1984). This is represented graphically in figure 2.10 for construction direct 
energy paths related to the direct input-output coefficient: ‘transport’ into ‘basic 
materials’. The direct energy paths upstream from ‘construction and equipment’ relating 
to this direct input-output coefficient are highlighted to demonstrate the effect of 
modifying one coefficient. This input-output-based hybrid analysis option tends to 
introduce unwanted indirect effects, since direct and indirect effects are lumped together 
(as in the technique of sensitivity analysis, for example, demonstrated by Siebe, 1996 
for the identification of key input-output coefficients in the German economy). 
Consequently, the effects of the homogeneity and proportionality assumptions inherent 
to the input-output model are likely to be exacerbated.  
The indirect requirements may or may not be important. However, some control over 
these indirect effects is necessary. Therefore, this first input-output-based hybrid 
analysis option is flawed. 
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Figure 2.10 Schematic of direct energy paths in the construction input-output 
model related to the direct input of ‘transport’ into ‘basic materials’ 
As noted in the text accompanying figure 2.7, this schematic representation hides some 
of the complexity of the input-output model. The numbers of potential direct energy 
paths at each stage related to the direct input-output coefficient ‘transport’ into ‘basic 
materials’ are increasing exponentially. At stage 1 there are no related paths, while at 
stage 2 there are six related path (indicated by the green dashed lines in figure 2.10). At 
each stage upstream the number of related paths increases by a factor of six. Therefore, 
the total number of direct energy paths related to the direct input-output coefficient 
‘transport’ into ‘basic materials’ in this example is 1555 (ie, 1 + 6 + 36 + 126 + 1296), 
which represents 15.7% of the total number of paths calculated for a six sector model 
limited to stage 5 in the text accompanying figure 2.7. 
The second input-output-based hybrid analysis option involves the addition of another 
column to the direct input-output matrix to represent an individual product such as a 
building. The direct inputs from other sectors, including energy, are specified for 
individual product (Seeman, 1984). This is represented graphically in figure 2.11.  
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Figure 2.11 Schematic of the addition of another sector to the input-output model 
representing an individual product  
Cobas-Flores et al (1996) presented a variation of this second input-output-based hybrid 
analysis option involving life-cycle assessment. Process analysis data (ie inventory data 
for the life-cycle assessment) for the product was incorporated into the input-output 
model as an additional sector. It was argued that any amount of product specific data 
could be incorporated within the input-output model, retaining the completeness of the 
input-output framework, potentially for nodes upstream from stage 1.  
However, as with process-based hybrid analysis, this method suffers from the problem 
that too much time may be spent on small inputs at stage 1, while more important paths 
which may be further upstream than stage 1 are not investigated further. Also, a method 
was not proposed for the identification of the most important paths in the input-output 
model. Consequently, it is likely that the selection of paths for further investigation in 
Cobas-Flores et al’s method will involve a subjective decision-making process. 
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Therefore the second input-output-based hybrid analysis option is also flawed because 
potentially important paths may be overlooked. 
The third input-output-based hybrid analysis option requires the systematic extraction 
of direct energy paths from the input-output data so that process analysis data can be 
integrated without unwanted indirect effects. This is represented graphically in 
figure 2.12. The selection of direct energy paths for which to derive process analysis 
data perhaps should be based on their relative importance in the context of a 
comprehensive framework. Smaller direct energy paths can remain unmodified, and the 
input-output analysis data can be left in place to make the framework more 
comprehensive.  
However, the comprehensive framework of input-output analysis has not been 
suggested as an appropriate basis for hybrid analysis. The input-output model needs to 
be decomposed into direct energy paths at a sufficient level of detail to allow the most 
important ones to be identified. The direct energy paths need to be mutually exclusive 
so that changes to one do not affect another (as discussed for the first input-output-
based hybrid analysis method in the text accompanying figure 2.10). 
2.3.3. The systematic extraction of direct energy paths  
The composition of the input-output framework has been concealed hitherto by matrix 
inversion in applications in the field of embodied energy analysis. Direct energy paths, 
such as indicated by figure 2.7, may represent an appropriate level of disaggregation of 
the input-output model. Yet, they can be extremely complex, due to the interrelations 
between sectors of an economy. Therefore, a systematic technique for the extraction of 
the most important direct energy paths is required. 
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Figure 2.12 Schematic of the modification of the most important direct energy 
paths in an input-output model using process analysis data for an 
individual product  
Stein et al developed an ‘energy flow model’, comprising the tracing of “... energy from 
its first entry into the economy as a raw material extracted from the ground through its 
embodiment into building materials and finally its incorporation into New Building 
Construction...” (1981, pp. 2, 105-109). Their model indicated which sectors were 
responsible for the energy embodied at each upstream stage. However, data was only 
extracted from the input-output model for stage 1 inputs to construction. The rest of 
their model was indicative of the indirect flows. Similarly, Seeman did not extract direct 
energy paths from the input-output model beyond stage 1 (1984).  
Furthermore, Stein et al’s model did not increase in complexity as the number of 
transactions upstream increased (as indicated in the text accompanying figure 2.7). 
Rather, the indicative quantities were made to coalesce, at stage ∞, into the proportions 
of the total embodied energy given by the different types of primary energy required 
indirectly by the construction process (determined using the Leontief inverse input-
output matrix). While many applications of their energy flow model were identified (for 
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example, such as the monitoring of national energy flows pertaining to construction), its 
application to hybrid analysis of an individual building was not identified. 
Direct energy paths can be traced through input-output matrices of varying sizes (Mateti 
and Deo, 1976). Given the range of options at each preceding stage, eventually the point 
is reached where not all paths can be extracted feasibly, especially in more complex 
systems (Patten and Higashi, 1995).  
The increasing complexity of the input-output framework is represented up to stage 3 
by equation 2.4. The framework could have been extended upstream, to approach 
infinity (represented by “...” in equation 2.4), but it would have been too complex to 
present here. Equation 2.4 conveys the exponentially increasing complexity of the 
input-output framework that was hidden by figure 2.7 (but was discussed in the 
accompanying text).  
X D D Dn n in i
i
N
ji j
j
N
kj k
k
N= + +∑ +∑ +∑
= = =
ε ε ε ε[ [ [
1 1 1
...]]] (2.4) 
where n, i, j, and k are any stage 0, 1, 2 and 3 sectors respectively, and: 
Xn = the total energy intensity of the target sector, n; 
εn = the direct energy intensity of the target sector, n, and so forth (for i, j and k); 
N = the number of sectors (equal for n, i, j and k); and 
Din = the direct input of i into n, and so forth (for j into i, and k into j). 
The value of a stage 3 direct energy path (εnijk) is defined in equation 2.5. Equation 2.5 
implies that each direct energy path is not only mutually exclusive of other stage 3 
direct energy paths, but is also mutually exclusive of all other direct energy paths (for 
example, the paths represented by εn, εni, εnij, and so forth). Summing all of the direct 
energy paths in the model at the limit is expected to equal the total energy intensity of 
the target sector. However, these proofs need to be investigated in practical terms. 
ε εnijk in ji kj kD D D= × ×   (2.5) 
Mateti and Deo (1976) describe problems with methods for the enumeration of all paths 
in systems of greater complexity than 25 compartments. They found that elimination of 
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whole branches of inquiry, which could be shown to be futile, was necessary in order to 
make such investigations feasible.  
Direct energy paths may be an appropriate basis for hybrid analysis because they appear 
to represent the finest level of disaggregation of Leontief inverse input-output model. 
Therefore, the effects of the tariff, homogeneity and proportionality assumptions 
(discussed in sub-section 2.2.3) may be able to be reduced through the modification of 
direct energy paths using process analysis data.  
2.4. Summary  
In this chapter it has been shown that previous embodied energy analysis techniques are 
insufficient in their current forms, because:  
• the input-output model has a comprehensive framework, but is subject to many 
inherent errors; 
• the types of processes commonly ignored in process analyses and process-based 
hybrid analyses may lead to significant incompleteness; and 
• the substitution of process analysis data into the input-output model may produce 
less reliable results than either process analysis or input-output analysis alone, 
because of unwanted indirect effects. 
However, the input-output framework is currently obscured by the matrix inversion 
process, and needs to be disaggregated into mutually exclusive components so that 
process analysis data can be incorporated without unwanted indirect effects. Manual 
methods of decomposing the input-output model into its most important components 
tend to be truncated too early, due to the complexity of the model. Therefore, an 
algorithm for the systematic extraction of the most important direct energy paths from 
the input-output model is required.  
A new input-output-based hybrid analysis method is also required for the integration of 
process analysis data with the direct energy paths. Three levels of complexity were 
identified in this chapter as being of interest:  
• the top nine direct energy paths (to represent the level of detail common in process 
analyses of basic materials); 
• the top 90 direct energy paths (to represent the level of detail common in process-
based hybrid analyses of buildings); and 
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• the paths required to describe 90% of the total energy intensity (to represent a goal 
for the integration of process analysis data in an input-output-based hybrid analysis 
of a complex product such as a building). 
2.4.1. Hypotheses 
These concluding remarks suggest two hypotheses, to be tested by experimentation in 
chapters 3 and 4 respectively: 
1. direct energy paths represent mutually exclusive components of the total energy 
intensity; and 
2. the modification of 90% of the total embodied energy of an individual product with 
process analysis data is possible, leaving only 10% of the model as input-output data 
for the sector that produces the product.  
 
 
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 3: Direct energy paths   page 45 
3. Direct energy paths  
So far, the incompleteness of previous embodied energy analysis methods has been 
identified as the problem to be addressed by this research. Hybrid analysis methods tend 
to be overly subject to the errors inherent to the methods on which they are based: either 
process analysis or input-output analysis. A new input-output-based hybrid analysis 
method was suggested, requiring the extraction of direct energy paths from the input-
output model. However, they tend to be very complex. 
The aim of this chapter, therefore, is to describe a method for the systematic extraction 
of the most important direct energy paths from the input-output model. 
Firstly, the data sources and methods for the construction of an input-output model for 
Australia are described. Secondly, the construction of the input-output model is detailed 
and direct energy intensities and total energy intensities are derived for all sectors. 
Specific attention is paid to the ‘residential building construction’ sector. Thirdly, a 
method for the extraction of direct energy paths from input-output model is detailed. 
Finally, direct energy paths are extracted for the Australian ‘residential building 
construction’ sector for the three levels of complexity identified in chapter 2: the top 
nine paths, the top 90 paths, and the paths describing 90% of the total energy intensity, 
and are compared to direct energy paths extracted for other sectors. 
3.1. Data sources for the input-output model  
The construction of the input-output model required sourcing of direct and Leontief 
inverse input-output matrices, a set of energy tariffs, and a set of primary energy 
factors. To remove the double counting inherent to input-output analysis (sub-
section 2.2.3) the direct input-output matrix was modified to exclude inputs to energy 
supply sectors. Primary energy factors were then used to re-include the energy 
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embodied in fuels without the double counting. This model therefore differs from the 
general case described in equations 2.1 and 2.2.  
3.1.1. Direct and Leontief inverse input-output matrices 
Both the direct and Leontief inverse input-output matrices were required. This is 
because total energy intensities were derived using both the direct input-output matrix 
(through the application of the power series approximation of the Leontief inverse) and 
the Leontief inverse input-output matrix. The direct input-output matrix was also used 
for the derivation of direct energy intensities and the derivation of energy intensities for 
upstream stages between stage 1 and 12 using the power series approximation. 
The most recently available direct input-output matrix was used, relating to the financial 
year 1992-93 (Australian Bureau of Statistics (ABS), 1996a, table 6). This direct input-
output matrix employs the direct allocation of competing imports. Consequently, 
imports were assumed to be equivalent to products of the Australian sectors in which 
they are classified (ABS, 1996a). The direct input-output coefficients describe direct 
transfers of goods and services between the 113 sectors, four of which supply energy: 
‘coal, oil gas’; ‘petroleum, coal products’; ‘electricity supply’; and ‘gas supply’.  
To further explain the structure of the direct input-output matrix, some of the 
interactions between the first two sectors will be described. Direct interactions between 
the ‘sheep’ and ‘grains’ sectors, both in buying and selling modes, are given by the four 
cells in the top left hand corner of the matrix (figure 3.1).  
The second column of the matrix represents purchases by the ‘grains’ sector, in dollars 
of input per dollar of output of the ‘grains’ sector. The first element in the second 
column, representing ‘sheep’ into ‘grains’, has a zero value because virtually no sheep 
were required directly to make grains. The second element of the second column 
represents ‘grains’ into ‘grains’. This value was non-zero, and in fact was very much 
larger than the value for ‘grains’ into ‘sheep’ (0.079 $/$). Consequently, self-inputs for 
this sector were therefore more important in terms of its output, in financial terms, than 
was the input of ‘grains’ into ‘sheep’ in terms of the ‘sheep’ sector’s output.  
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Source: the Australian direct input-output matrix, ABS, 1996a, table 6 
Figure 3.1 Direct input-output coefficients describing direct interactions between 
the ‘sheep’ and ‘grains’ sectors 
The potential for double counting of some quantities of delivered energy (discussed in 
sub-section 2.2.3) had to be removed from the input-output model by modification of 
the direct input-output matrix. The energy embodied in energy supply sector products 
was excluded by setting to zero the columns of coefficients in the direct input-output 
matrix relating to purchases by energy supply sectors. Therefore, inputs of both energy 
and non-energy products were truncated.  
The energy embodied in energy supply sector products was re-included through the use 
of primary energy factors without the double counting inherent to input-output analysis. 
Primary energy factors have this effect because they are derived in physical terms rather 
than economic terms (sub-section 2.2.3). The use of primary energy factors also had the 
benefit of reducing the errors associated with the use of economic input-output data and 
national average energy tariffs for the energy supply sectors (for which these data are 
probably least appropriate of all the sectors). The method for removing double counting 
from the input-output model is discussed further in sub-section 3.2.1 in the context of 
the equations for the derivation of direct energy intensities. 
In addition to the direct input-output matrix, a Leontief inverse input-output matrix was 
required. However, the standard Leontief inverse input-output matrix provided by the 
Australian Bureau of Statistics could not be used, as it was generated using the 
unmodified direct input-output matrix. Double counting of some amounts of delivered 
energy would therefore result from its use. Instead, the modified direct input-output 
matrix, described above, was inverted using a Gaussian reduction algorithm (by Boland, 
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1998) after first subtracting it from the identity matrix (as described in sub-
section 2.2.1).  
To further explain the structure of the Leontief inverse input-output matrix, some of the 
interactions between the first two sectors will be described (for the purpose of 
comparison to the discussion above for direct input-output coefficients). The total 
requirement coefficient for ‘sheep’ products by the ‘grains’ sector in Australia in 1992-
93 was 0.00026 $/$. While this cell’s value was zero in the direct input-output matrix 
(figure 3.1), it was non-zero in the Leontief inverse input-output matrix because of 
indirect requirements for ‘sheep’ by the ‘grains’ sector.  
The total requirement coefficient for ‘grains’ into ‘sheep’ was 0.012 $/$, which is 
approximately 20% higher than the direct requirement coefficient for ‘grains’ into 
‘sheep’ (0.010 $/$, figure 3.1). The additional 20% comprised indirect requirements for 
‘grains’ by ‘sheep’.  
3.1.2. Fixed energy tariffs 
Coefficients in input-output matrices describing sales by energy supply sectors are 
typically converted from dollar to energy terms using energy tariffs. The energy unit 
selected here for this purpose was gigajoules (GJ). This energy unit is favoured by 
many researchers, including, inter alia, Worth (1992) and Oka et al (1993). 
There are two types of energy tariffs (introduced in sub-section 2.2.1): fixed and 
variable. Fixed energy tariffs comprise a single set of energy tariffs for application to 
each sector of the economy. Variable energy tariffs comprise a different set of energy 
tariffs for each sector of the economy, and are preferable to fixed energy tariffs because 
they allow physical quantities of energy to be more accurately modelled using the input-
output data (Miller and Blair, 1985).  
Variable energy tariffs were not derived for Australia, because energy usage data was 
only available for the 25 sector groups (Bush et al, 1993). Comprehensive surveys of 
energy utilities and industry would be required for the derivation of variable energy 
tariffs for each of the 113 sectors in the Australian economy. This work is currently not 
planned for the near future by the Australian Bureau of Agricultural and Resource 
Economics (Bush, 1997). 
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The relationship between the 113 sectors and the 25 sector groups is given in 
appendix A. A distribution of the number of sectors represented by each sector group is 
given in figure 3.2. Eight sector groups represented a single non-energy sector:  
• ‘basic iron and steel’,  
• ‘basic non-ferrous metals’,  
• ‘miscellaneous manufacturing’,  
• ‘water, sewerage & drainage’,  
• ‘road transport’,  
• ‘railway transport’,  
• ‘water transport’, and  
• ‘air transport’.  
Energy usage data from Bush et al (1993) for these sectors were used (in chapter 4) to 
derive more reliable direct energy intensities than those given by the input-output 
model. Also, three sector groups represented three of the energy supply sectors:  
• ‘petroleum, coal products’;  
• ‘electricity supply’; and  
• ‘gas supply’.  
Energy usage data from Bush et al (1993) for these sectors were considered in the 
estimation of primary energy factors (in sub-section 3.1.3).  
The energy usage data for ‘gas supply’ was determined by deduction of energy usage 
data for the ‘total electricity generation’ and ‘water, sewerage & drainage’ sector groups 
from the ‘electricity, gas and water’ sector group. The energy supply sector ‘coal, oil 
and gas’ was classified as part of the ‘mining’ sector group in the energy usage data 
given by Bush et al (1993). However, energy usage data for the ‘coal, oil and gas’ 
sector was not able to be derived by deduction from the ‘mining’ sector group (unlike 
the ‘gas supply’ sector, as noted above).  
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Source: based on Bush et al, 1993, table 14, pp. 68-69 
Figure 3.2 Distribution of the number of sectors represented by each sector 
group  
Minor discrepancies existed for four of the 11 sectors which were represented solely by 
sector groups:  
• ‘petroleum, coal products’;  
• ‘water supply, sewerage and drainage services’;  
• ‘rail, pipeline and other transport’; and  
• ‘air and space transport’ (Bush et al, 1993).  
A fixed energy tariff is the national average price paid for energy supplied by a given 
energy supply sector. However, energy tariffs selected from those listed by energy 
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supply utilities are not generally appropriate (for example, as done by Worth, 1992 and 
Pullen, 1995) they may not be representative of the national average. Even the weighted 
average of published tariffs do not include the effect of specially negotiated bulk tariffs.  
Two sets of data were used for the derivation of fixed energy tariffs in this project:  
• the amount of each fuel type produced by each energy supply sector in energy terms; 
and  
• the dollars paid to each of the energy supply sectors.  
The amount of each fuel type delivered in Australia 1992-93 was sourced from Bush et 
al (1993, table A12). For the ‘coal, oil and gas’ sector, the data for ‘total domestic 
availability’ were used because these data were required in primary energy terms. For 
the other three energy supply sectors, where these data were required in delivered 
energy terms, the ‘final domestic availability’ data were used.  
The dollars paid to each of the energy supply sectors were sourced from the Australian 
input-output matrices for 1992-93 (ABS, 1996a, table 2). The columns for ‘total 
intermediate usage’ were used, representing the sum of direct purchases.  
Table 3.1 documents the calculation of fixed energy tariffs for the four energy supply 
sectors. In each case, the sum of the fuels purchased from each energy supply sector in 
energy terms was divided by the value of the purchases in dollars. The resultant energy 
tariffs can be described as inverse tariffs, because they are expressed in reciprocal units 
(ie, energy per dollar), compared to the more common units for tariffs of dollars per unit 
of energy (for example, as used by Pullen, 1995).  
3.1.3. Primary energy factors  
The energy embodied in fuels was excluded from the input-output model through the 
modification of the direct input-output matrix in sub-section 3.1.1. Primary energy 
factors were then used to convert the direct energy intensities given by the input-output 
model into primary energy terms. The indirect energy was also in primary energy terms 
because the direct energy intensities were used to calculate it in the case of the power 
series approximation.  
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 3: Direct energy paths   page 52 
Table 3.1 Fixed energy tariffs for the energy supply sectors 
energy supply sector  
 
 
fuel type 
total intermediate usage 
(M$) 
(ABS, 1996a, table 2) 
(A) 
domestic  
availability (PJ)  
(Bush et al, 1993) 
(B) 
national average 
energy tariff (GJ/$) 
(B/A) 
coal, oil and gas    
black coal - 1190 - 
brown coal - 507 - 
wood and bagasse - 187 - 
crude oil, etc. - 1459 - 
natural gas - 704 - 
total ‘coal, oil and gas’  9531 4047 0.425 
petroleum, coal products 
petroleum products - 1352 - 
briquettes - 11 - 
coke and coal by-products - 54 - 
total ‘petroleum, coal products’  8733 1417 0.156 
electricity supply 
total electricity 13 090 510 0.039 
gas supply 
total gas 1664 535 0.322 
 
A primary energy factor is the ratio between the primary energy embodied in a fuel per 
unit of delivered energy of the fuel, and comprises a direct and an indirect component. 
Direct primary energy factors include fuels used directly in the manufacture of energy 
supply sectors products. For example, coal used to generate electricity represents the 
major part of the primary energy embodied in coal-fired electricity. The delivered 
energy value is the quantity of energy delivered to the consumer, as metered for 
purposes of billing. If, for every GJ of coal-fired electricity delivered, 3 GJ of coal was 
required then the direct primary energy factor would be 3 (ignoring for a moment the 
primary energy embodied in the coal and the primary energy value of other direct 
energy requirements).  
Indirect primary energy factors include the energy embodied in products used by energy 
supply sectors. For example, the pipeline transport of gas may require an antifreeze 
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product to maintain flow in colder regions. The embodied energy of the antifreeze 
product would comprise part of the indirect primary energy factor for gas. Indirect 
energy requirements by energy supply sectors are generally calculated using process 
analysis in the same manner as other products. 
The direct primary energy factor and the indirect primary energy factor are summed to 
give the total primary energy factor (or, more commonly, the ‘primary energy factor’). 
However, previously published primary energy factors are likely to be incomplete in 
framework. The completeness discrepancy cannot be calculated for primary energy 
factors, relative to the completeness of the input-output framework, due mainly to a lack 
of a method for decomposing the input-output model (as discussed in chapter 2).  
Examples of previously published primary energy factors are listed in table 3.2. These 
data related to various countries, years, technologies and raw material sources, and 
therefore cannot be used directly in the input-output model for Australia 1992-93.  
Table 3.2 Previously published primary energy factors 
source coal mining crude oil and gas refined petroleum electricity gas 
1 1.02 1.06 1.15  3.77 1.15 
2 1.13 1.05 1.42  3.44 1.05 
3 1.05 na 1.21  *2.96 1.14 
Sources: 1 Costanza and Herendeen, 1984, p.138 
 2 Gowdy and Miller, 1987, p.1393 
 3 Boustead and Hancock, 1979, pp. 120, 127, 130, 137 (quoting a range of sources) 
 * this figure for Australia included approximately 20% hydro-electricity, but the proportion  
  in 1992-93 was 10.1%, and solar electricity was 0.7% (Bush et al, 1993, table A12) 
 
Primary energy factors needed to be estimated for Australia 1992-93 because currently 
data is not available for the determination of the energy embodied in energy supply 
sector products according a comprehensive framework. The direct input-output matrix 
cannot be used to trace indirect requirements of energy supply sectors because of the 
propensity for double counting (sub-section 2.2.3). Furthermore, energy usage data 
published by Bush et al (1993) is likely to have been derived using an incomplete 
framework, focussing mainly on the feedstock energy used directly in the fuel 
generation processes (and not considering any of the indirect energy requirements).  
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The averages of the previously published primary energy factors listed in table 3.2 were 
used as a basis for estimating primary energy factors for each energy supply sector in 
Australia 1992-93. Then, based on initial investigations into the direct energy paths of 
the energy supply sectors (with the inherent double counting, as noted above), the likely 
incompleteness of previous primary energy factors was estimated and added to the 
averages of the previously published values. The direct energy usage data published by 
Bush et al (1993) for the three sector groups which described single energy supply 
sectors (listed in sub-section 3.1.2) was also taken into considered. However, the Bush 
et al (1993) data was unsatisfactory, because the energy consumption data for fuel 
manufacture was not always expressed in primary energy terms. The estimated primary 
energy factors are listed in table 3.3. Due to the method described in this paragraph, 
these data, therefore, are not very reliable. 
Table 3.3 Estimated primary energy factors for the energy supply sectors 
coal, oil and gas  petroleum, coal products  electricity supply  gas supply  
1.2 1.4 3.4 1.4 
 
For ‘petroleum, coal products’ and ‘electricity supply’, the estimated primary energy 
factors were very close to at least one of the three previously published primary energy 
factors. The estimated primary energy factor for ‘coal, oil and gas’, though, was only 
6.2% higher than the highest of the previously published primary energy factors for 
either ‘coal mining’ or ‘crude oil and gas’. However, the estimated primary energy 
factor for ‘gas supply’ was 21.7% higher than the highest previously published figure.  
The above comparison of the estimated primary energy factors to previously published 
primary energy factors does not validate them, but rather serves to demonstrate that they 
are for the most part reasonable. This type of comparison may be invalid if it is able to 
be shown that previously published primary energy factors are significantly incomplete. 
Consequently, the derivation of more reliable primary energy factors for Australia 
1992-93 is considered a matter of prime importance for any future applications of the 
input-output model described in the following section.  
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3.2. Input-output model 
The data outlined in section 3.1 were used to construct two input-output models for the 
derivation of total energy intensities: one based on the direct input-output matrix (using 
the power series approximation) and the other on the Leontief inverse input-output 
matrix. The derivation of the direct energy intensities was the same in both cases. 
Energy intensities for upstream stages were derived using the power series 
approximation. Energy intensities derived for the Australian ‘residential building 
construction’ sector were compared to those derived for other sectors.  
3.2.1. Direct energy intensities  
The first step in construction of the input-output model was the calculation of the direct 
energy intensities (equation 3.1). Equation 2.1 was modified to include primary energy 
factors and a limitation was added to acknowledge that the direct input-output matrix 
was modified to exclude inputs to energy supply sectors (as described in sub-
section 3.1.1).  
εn en e
e
E
D tariff PEF= × ×∑
=1 e
  (3.1) 
where if n is an energy supply sector, then εn = 0, and: 
εn  = the direct energy intensity of the target sector, n; 
E  = is the number of energy supply sectors, e;  
Den  = the direct input of each energy supply sector into the target sector, n;  
tariffe = the national average energy tariffs, in units of energy per dollar; and 
PEFe = the primary energy factors. 
Requirements for energy by energy supply sectors were truncated in equation 3.1, such 
that ‘if n is an energy supply sector, then εn = 0’. This limitation excludes the energy 
embodied directly in energy supply sector products. The limitation also has an indirect 
effect (once the total energy intensities or upstream energy intensities are calculated 
using either the Leontief inverse or power series approximation) which excludes the 
energy embodied in fuels through upstream purchases of fuels.  
The exclusion of the energy embodied in energy supply sector products through 
purchases of non-energy goods and services is not excluded by the limitation on 
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equation 3.1 (and is dealt with in sub-sections 3.2.2 and 3.2.3). However, the 
modification of the direct input-output matrix in sub-section 3.1.1 excluded the energy 
embodied in energy supply sector products through inputs of both energy and non-
energy products. Therefore the modification of the direct input-output matrix is not 
correctly described by the limitation on equation 3.1 alone. 
The direct energy intensities derived for non-energy sectors were found to vary between 
0.018 and 6.96 GJ/$100 (appendix B, table B1). Figure 3.3 shows the distribution of the 
direct energy intensities of non-energy sectors. The direct energy intensities were not 
found to be grouped consistently around the mean, 0.668 GJ/$100. The mean is 
classified in the second category in figure 3.3, but due to the skew of the distribution it 
is not a good indication of the central value. Several outliers are visible in figure 3.3 (in 
the categories 1.2 to 2.8, 3.6 to 4.0, 4.4 to 4.8, and 6.8 to 7.2 GJ/$100).  
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Source: appendix B, table B1 
Figure 3.3 Distribution of direct energy intensities for non-energy sectors 
(GJ/$100) 
The direct energy intensity of ‘residential building construction’ was found to be 
0.145 GJ/$100, and was classified in the first category in figure 3.3. There were 86 non-
energy sectors with higher direct energy intensities than ‘residential building 
construction’. The direct energy intensity for ‘residential building construction’ was 
therefore low compared to many other sectors, at least in terms of embodied energy per 
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financial unit (ie, GJ/$100). This could be expected, because the direct energy of 
‘residential building construction’ comprises the energy to assemble other relatively 
high energy intensity products. The ‘residential building construction’ sector therefore 
has a direct energy intensity that is not representative of the average of other sectors.  
The apparent tightness of the distribution of the direct energy intensities for non-energy 
sectors gives an inaccurate view of the possible range of direct energy intensities for 
‘commodities’ (ie, the next level of disaggregation of national accounts down from 
sectors) and individual products. Even for sectors with dominant commodities such as 
‘ceramic products’ (comprising mostly the commodity ‘clay bricks’, ABS, 1996b), 
significant variations are possible from manufacturer to manufacturer, for example, 
relating to variations in technology (as discussed in section 2.1).  
The proportions of the direct energy intensities comprising primary energy embodied 
directly from each of the four energy supply sectors (ie, ‘fuel splits’) are given in 
appendix B, table B2. Fuel splits were not derived for the total energy intensities, 
because the total energy intensities are composed of chains of direct energy 
requirements.  
The fuel splits could be used to alter the mix of fuels in a direct energy path in an input-
output-based hybrid analysis (chapter 4). This would involve multiplying the direct 
energy intensity by each of the fuel splits to decompose it into the amounts of primary 
energy required from each energy supply sector. Then any process analysis data on 
direct energy consumption from a particular energy supply sector would be converted to 
primary energy terms and substituted for the component in the input-output model (as 
derived above).  
Given the above application of the fuel splits (presented in appendix B, table B2), they 
perhaps should have been presented in absolute rather than proportional terms. 
However, the proportions can be more readily compared to one another, and are thus 
more meaningful. For example, the direct energy intensity of ‘residential building 
construction’ comprises 60.5% primary energy from the ‘petroleum, coal products’ 
sector. However, the direct energy intensity of the ‘household appliances’ sector 
comprises only 7.5% primary energy from the ‘petroleum, coal products’ sector 
(requiring mostly electricity and gas).  
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The distribution for the ‘petroleum, coal products’ fuel splits for non-energy sectors was 
highly skewed, but also very broad (figure 3.4). However, while there were a 
disproportionate number of sectors with ‘petroleum, coal products’ fuel splits in the 
ranges 10 to 20%, 60 to 70% and 90 to 100%, these fluctuations are normal for these 
types of data.  
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Source: appendix B, table B2 
Figure 3.4 Distribution of ‘petroleum, coal products’ fuel splits for direct energy 
intensities of non-energy sectors (fraction of direct energy intensity)  
3.2.2. The power series approximation  
The power series approximation method was used to calculate energy intensities for 
stages 1 to 12. Total energy intensities were then derived by summing the energy 
intensities from stages 0 to 12.  
An energy intensity for an upstream stage may be considered to equal the sum of the 
direct energy consumed in direct energy paths of that length. Equation 3.2 gives the 
value of the stage 3 energy intensity in these terms (compare to equations 2.4 and 2.5). 
The energy consumed at stages 0, 1 and 2 is not counted in this case.  
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 3: Direct energy paths   page 59 
ε εS n in
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= = =
[ [ ]]   (3.2) 
where, if k is an energy supply sector, then εk = 0, and:  
εS3n = the stage 3 energy intensity of the target sector, n;  
N = the number of sectors (equal for n, i, j and k); and  
Din = the direct input of i into n, and so forth (for j into i, and k into j). 
However, the power series approximation is not calculated in the manner indicated by 
equation 3.2 (ie, through the summing of direct energy paths). More conveniently, each 
energy intensity is calculated using the energy intensities of the stage one transaction 
downstream towards the process under consideration. Stage 1 energy intensities were 
calculated using the direct energy intensities given by equation 3.1. Stage 2 energy 
intensities were calculated using the stage 1 energy intensities, and so forth. 
Equation 3.3 describes, in more general terms, an ‘inner product’ calculation 
(Namboodiri, 1984), comprising the sum of the products of the direct input-output 
coefficients for each sector and the previous stage’s energy intensities.  
ε εSn in
i
N
S iD= ∑ ×= −1 1( )   (3.3) 
where, if n is an energy supply sector, then εSn = 0, and:  
εSn = the stage S energy intensity of the target sector, n;  
N = the number of sectors;  
Din = the direct input of i into n; and  
ε(S-1)i = the energy intensity of i for the stage immediately downstream from stage S. 
The limitation on equation 3.3 (ie, ‘if n is an energy supply sector then εSn = 0’) had the 
effect of removing the energy embodied in fuels through the purchase on non-energy 
goods and services. No double counting resulted from the power series approximation, 
because the limitations on each equation ensured that the energy intensities of the 
energy supply sectors were in all cases zero (ie, the direct and total energy intensities, 
and the energy intensities for all upstream stages from 1 to 12). The primary energy 
factors only needed to be applied in the calculation of direct energy intensities 
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(equation 3.1) because the direct energy intensities were used to calculate the upstream 
stage energy intensities. 
The sum of the energy intensities for stages 0-12 was assumed to represent the total 
energy intensities. Miller and Blair (1985) stated that seven or eight stages were 
sufficient for this type of application of the power series approximation. The additional 
stages up to stage 12 were included here to ensure completeness at a finer level of detail 
than is normally required of the power series approximation (see sub-section 3.4.3).  
Figure 3.5 illustrates the energy embodied at stages 0 to 6 for non-energy sectors, as 
derived using the power series approximation method. The proportions of the total 
energy intensities given by energy intensities for stages 0 to 6 are given in appendix B, 
table B3. Most of the embodied energy of ‘residential building construction’ was 
attributable to stage 1 and stage 2 processes, but considerable amounts of energy were 
embodied in stage 0 (ie, the direct energy) and stage 3 processes. Appreciable amount 
of energy were also embodied in stage 4 and stage 5 processes, but it appears that stage 
6 processes are practically negligible, supporting the statement by Miller and Blair 
(1985) that seven to eight stages are sufficient for most applications of the power series 
approximation.  
The sector with the highest proportion of its total energy intensity given by its stage 1 
energy intensity was ‘concrete slurry’ (81.7%). The importance of this sector’s stage 1 
energy intensity may be due mostly to the energy embodied in the direct input of 
‘cement and lime’ products.  
There were few sectors with proportionally more energy embodied in upstream stages 
beyond stage 2 than ‘residential building construction’. The most notable one was 
‘railway equipment’ because, per dollar of its output, more energy intensive products 
were required further upstream than stage 2 than ‘residential building construction’.  
In summary, figure 3.5 demonstrates that direct energy paths need to be evaluated up to 
and including stage 5. It is very unlikely that significant amounts of energy could be 
embodied further upstream from stage 6. This was confirmed by examining the power 
series approximation results up to stage 12 (which were not given in appendix B, 
table B3, for reasons of clarity).  
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Figure 3.5 Energy intensities for non-energy sectors, by upstream stage 
The total energy intensities derived for non-energy sectors using the power series 
approximation were found to vary between 0.0782 and 7.470 GJ/$100 (appendix B, 
table B1). Figure 3.6 shows the distribution of the total energy intensities for non-
energy sectors. This distribution was less skewed than that for the direct energy 
intensities (figure 3.3) and was also slightly broader (as evidenced by the reduced 
maximum count). This indicates that the indirect energy was greater than the direct 
energy for most sectors. 
The total energy intensity of ‘residential building construction’ (0.851 GJ/$100) was 
only 1.8% less than the median, ‘other repairs’ (0.866 GJ/$100), yet was 29% less than 
the mean (1.20 GJ/$100). Due to the skew of this distribution, the mode is likely to be a 
better representation of the central value. The ‘residential building construction’ sector 
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therefore has a total energy intensity that is representative of the average of other 
sectors, at least in terms of embodied energy per financial unit.  
0
10
20
30
40
[0
,0
.4
)
[0
.4
,0
.8
)
[0
.8
,1
.2
)
[1
.2
,1
.6
)
[1
.6
,2
)
[2
,2
.4
)
[2
.4
,2
.8
)
[2
.8
,3
.2
)
[3
.2
,3
.6
)
[3
.6
,4
)
[4
,4
.4
)
[4
.4
,4
.8
)
[4
.8
,5
.2
)
[5
.2
,5
.6
)
[5
.6
,6
)
[6
,6
.4
)
[6
.4
,6
.8
)
[6
.8
,7
.2
)
[7
.2
,7
.6
)
[7
.6
,8
]
C
ou
nt
 
Source: appendix B, table B1 
Figure 3.6 Distribution of total energy intensities derived using the power series 
approximation, non-energy sectors (GJ/$100)  
The power series approximation to stage 12 produced results which appeared to be 
comprehensive. The largest proportion of the total energy intensity given by the 
stage 12 energy intensity for any sector was less than 0.05%. To further prove this 
point, the power series approximation was briefly extended to stage 24. The largest 
proportion of the total energy intensity given by the sum of the energy intensities for 
stages 13 to 24 was less than 0.2%, representing an average of 0.017% per stage (which 
is one third of the proportion for the largest stage 12 proportion quoted above). It is 
therefore almost certain that the sum of the energy intensities for stages 25 to ∞ are 
negligible.  
There is value in analysing this level of detail because it is likely that there will be few 
large and many small direct energy paths, as indicated by table 2.1. In this case, the 
ninth direct energy path, ‘ceramic products’, represented only 0.4% of the total 
embodied energy. This proportion is only double the sum of the energy intensities for 
stages 12 to 24 quoted in the previous paragraph for ‘residential building construction’. 
Therefore, in terms of completeness only, the modification of yet smaller direct energy 
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paths may produce less benefit to the input-output-based hybrid analysis than extending 
the power series approximation another stage upstream. However, the reliability 
afforded by the modification of yet smaller direct energy paths may be worthwhile 
(discussed further in chapters 4 and 5). 
3.2.3. The Leontief inverse  
The total energy intensities derived using the power series approximation are compared 
to those derived using an equivalent Leontief inverse input-output matrix (as described 
in sub-section 3.1.1). Total energy intensities were derived using the Leontief inverse 
input-output matrix for all sectors in the same manner that direct energy intensities were 
derived in equation 3.1. Again, a similar limitation on Xn meant that no double counting 
of feedstock fuels was incorporated (equation 3.4).  
X T tariff PEFn en e
e
E= × ×∑
=1 e
  (3.4) 
where if n is an energy supply sector, then Xn = 0, and: 
Xn  = the total energy intensity of the target sector, n; 
E  = is the number of energy supply sectors, e;  
Ten  = the total requirements coefficients for inputs from energy supply sectors;  
tariffe = the national average energy tariffs, in units of energy per dollar; and 
PEFe = the primary energy factors. 
The total energy intensities derived using the Leontief inverse input-output matrix were 
expected to be only slightly larger than the corresponding total energy intensities 
derived using the power series approximation. This is because, theoretically, the power 
series approximation results are expected to approach the Leontief inverse results near 
the limit (as proven, inter alia, by Namboodiri, 1984; Leontief, 1966; and Miller and 
Blair, 1985). However, in practice, due to the iterative nature of the algorithms used to 
generate the Leontief inverse, positive and negative discrepancies could be expected 
(Boland, 1998). This is unsatisfactory for comparisons of the completeness of total 
energy intensities derived using the power series approximation and the Leontief 
inverse. 
The total energy intensities derived using the Leontief inverse input-output matrix are 
compared to those derived using the power series approximation in appendix B, 
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table B4, to demonstrate the phenomenon described in the previous paragraph. The total 
energy intensity derived using the Leontief inverse input-output matrix for ‘residential 
building construction’ was 0.8513 GJ/$100 (which was 0.035% greater than that 
derived using the power series approximation, appendix B, table B1), confirming the 
theoretical expectation noted above for this sector. For other non-energy sectors the 
total energy intensities derived using the power series approximation were on average 
0.003% less than the total energy intensities derived using the Leontief inverse, again 
confirming the theoretical expectation noted above.  
The distribution of the ratios between the total energy intensities derived using the 
power series approximation and the Leontief inverse is given in figure 3.7. For 44 of the 
109 non-energy sectors, the ratios were found to be greater than one, indicating that the 
theoretical expectation was not supported for these sectors. For example, the total 
energy intensity for ‘medicinal and pharmaceutical products; pesticides’ using the 
power series approximation was 0.12% larger than that derived using the Leontief 
inverse.  
However, the Leontief inverse is not necessarily invalid simply because this theoretical 
expectation was not upheld for many of the non-energy sectors. Nevertheless, it is 
unsatisfactory for the purposes of this dissertation that the Leontief inverse results are in 
some cases smaller than the power series approximation results (because of 
investigations into occurrences near the limit in the extraction of direct energy paths, 
sub-section 3.4.3). Therefore, the total energy intensities derived using the power series 
approximation will be used in preference to those derived using the Leontief inverse in 
the remainder of this dissertation (ie, for the extraction of direct energy paths of both 
high and low complexity). 
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unsatisfactory results 
Figure 3.7 Distribution of the ratios of the total energy intensities derived using 
the power series approximation and the Leontief inverse input-output 
matrix, non-energy sectors  
3.3. Direct energy path extraction 
The method developed for the extraction of direct energy paths from the input-output 
model is expressed as an algorithm which sorts through the potentially significant direct 
energy paths in a ‘depth first’ manner. This is a standard technique for sorting 
sequentially through paths in input-output models (for example, as demonstrated in the 
field of ecological modelling, inter alia, by Ulanowicz, 1983).  
Each path is examined in the order shown schematically in figure 3.8. The target sector 
is examined first (a), then the first stage 1 input (b), then the first stage 2 input to that 
stage 1 input (c), and so forth. When the depth limitation is reached (at ‘d’ in this 
example), the rest of the inputs to that node are examined (d to e). Then the procedure 
goes back one step (ie, downstream to f ) and repeats until all inputs to that node up to 
the depth limit have been examined (g). The procedure then returns to the stage 0 node 
(h), before examining the second stage 2 input. At this point, though, only the inputs to 
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the first stage 1 node have been examined. The other stage 1 inputs are then examined 
in a similar manner (i to j).  
b
stage 3
stage 2
h
a
e
j
i
g
f
d
c
stage 1
stage 0
arrows indicate the order
for the sorting procedure:
from a to j (alphabetically)
downstream
depth limit
 
Figure 3.8 Schematic of ‘depth first’ method of checking each node in a system 
The algorithm was developed in VISUAL BASIC within MICROSOFT EXCEL, version 5.0 
(appendix C). Routines to automate the automatic plotting of direct energy tree 
diagrams (in sub-section 3.4.1), the extraction of summary data for large runs (sub-
section 3.4.3), and the paths related to selected sectors for which national statistical data 
were used to derive direct energy intensities (in chapter 4) were also written into the 
code. However, while routines appear in appendix C for sensitivity analysis (as 
demonstrated by Siebe, 1996), none of the results derived using this method are 
contained in this dissertation. 
However, due to the exponential nature of the problem (as explained in sub-
section 2.3.3), the most significant aspect of the algorithm is the method for ‘pruning’ 
futile branches of inquiry.  
3.3.1. Pruning futile branches of inquiry 
At discussed by Mateti and Deo (1976), the number of paths needing to be extracted can 
be greatly reduced by pruning branches of enquiry which can be shown to be futile. The 
definition of futile, however, depends on the circumstances of the analysis. In this case, 
the pruning method used involved comparing the total energy intensity value of each 
path to an arbitrarily selected threshold value. The threshold value is thus required to be 
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in the same units as the energy intensities (ie, GJ/$100). The most important paths in 
direct energy terms could then be determined by comparing their direct energy values to 
the threshold value.  
Another option for the pruning method could have involved the comparison of the direct 
energy intensity of each path to the threshold value. In this case, a required assumption 
would be that if the direct energy intensity value of a path is less than the threshold 
value, then subsequent paths upstream from that node do not need to be examined. 
However, some sectors have high proportions of indirect energy relative to their direct 
energy. For example, the ‘wool scouring’ sector has a ratio of total energy intensity to 
direct energy intensity of 44:1 (ie, 2.30% of its total energy intensity comprises direct 
energy, appendix B, table B1). The distribution of ratios of direct to total energy 
intensities for non-energy sectors (excluding ‘wool scouring’) is given in figure 3.9. As 
with the distribution for the direct energy intensities of non-energy sectors (figure 3.3), 
the distribution in figure 3.9 is highly skewed. However, the distribution is not a broad 
as it appears, because the extreme outlier ‘wool scouring’ was truncated.  
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Source: using data from appendix B, table B1 
Figure 3.9 Distribution of the ratios of total energy intensity to direct energy 
intensity, non-energy sectors excluding ‘wool scouring’ 
It would be expected that many sectors would have ratios of direct to total energy 
intensity of between 1 and 2 (according to the process analysis view, Baird and Chan, 
1983). However, there are 65 non-energy sectors outside the first category in figure 3.9 
(ie, with ratios greater than 2), and several more with ratios greater than 5 (comprising 
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mostly sectors which contribute significantly to ‘residential building construction’, such 
as ‘cement and lime’). The direct energy intensity is thus a poor indicator of the total 
energy intensity, and should not be used for pruning futile branches of inquiry 
(especially for, but not limited to, the extraction of direct energy paths for ‘residential 
building construction’). If the direct energy intensity is used, then every path has to be 
examined. The time required for a run is dependent primarily on the speed of the 
computer, regardless of the threshold value used. 
The total energy intensity is a more appropriate figure to compare to the threshold value 
for the purpose of pruning branches of inquiry because if the total energy intensity value 
of a node is lower than the threshold value, then there is no need to examine all of the 
paths upstream from that node. It can be stated categorically that they are all smaller 
than the threshold value in both direct and total energy intensity terms. The time 
required for a run then becomes more dependent upon the threshold value chosen than 
the speed of the computer.  
The part of the algorithm pertaining to pruning is expressed as a flow diagram in 
figure 3.10. The algorithm is ‘nested’, so that the ‘calling’ of each upstream stage (S) is 
contingent upon either the total energy intensity or the direct energy intensity of the 
current node being greater than the threshold value in the current stage (S-1). However, 
only the calling of the stage 2 routine from the stage 1 routine is detailed in figure 3.10 
(as ‘nest level one’, though the calling of other upstream stages is implied).  
The procedure could continue upstream indefinitely. However, the power series 
approximation results for ‘residential building construction’ given in figure 3.5 
indicated that the extraction of direct energy paths should be limited to stage 5. This 
decision will be supported by a very small number of paths, if any, being returned at 
stage 5 at a level of detail giving 90% of the total energy intensity for ‘residential 
building construction’ (see sub-section 3.4.1). Other non-energy sectors may require 
less depth, based on the relative amount of energy embodied in upstream stages.  
Pruning can occur at any stage in the procedure depicted in figure 3.10, including 
stage 0. This means that if the selected threshold value is greater than the total energy 
intensity of the sector under consideration, then the run will cease at stage 0, and no 
direct energy paths will be returned.  
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nodirect energy intensity > threshold value?
calculate total energy intensity of j th stage 2 embodied energy path
report results for i th stage 1 path
calculate direct energy intensity of i th stage 1 path
calculate total energy intensity of i th stage 1 embodied energy path
total energy intensity > threshold value? no
yes
i = i + 1
(repeat in similar manner until all stage 2 paths have been checked, and any
upstream stages, as required)
...
yes
input target sector and threshold value
nest
level
one
call stage 2 routine
 
Source: after VISUAL BASIC code listed in appendix C 
Figure 3.10 Flow diagram for pruning futile branches of enquiry in the direct 
energy path extraction algorithm 
The potential number of direct energy paths is one at stage 0, because the inputs of the 
various types of fuels are summed. (Summing of different fuel types was made possible 
by converting them to primary energy terms, as explained in sub-section 2.2.3. If fuel 
types were not able to be summed, then the potential number of direct energy paths at 
each node would be four: the number of energy supply sectors). This direct energy path 
comprises the direct energy of the target sector. 
The number of direct energy paths at upstream stages is estimated here to demonstrate 
the need for pruning, and to indicate the number of paths likely to be extracted near the 
limit (ie, using threshold values approaching zero, sub-section 3.4.3). The number of 
direct energy paths for a sector at stage 1 depends on the number of zero coefficients for 
that sector’s column in the direct input-output matrix. However, the number of non-zero 
direct energy paths at any stage can be estimated using the proportion of non-zero direct 
input-output coefficients in the entire matrix. This is because every non-energy sector 
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had a non-zero direct energy intensity (appendix B, table B1). Therefore, if the direct 
input-output coefficient for a path is non-zero (or any coefficient in the chain, since they 
are multiplied together, equation 2.5), then the value calculated for the path must also 
be non-zero.  
The proportion of non-zero coefficients in the direct input-output matrix was 88.80% 
(ABS, 1996a), excluding inputs to energy supply sectors. Inputs to the energy supply 
sectors were excluded because they were set to zero in sub-section 3.1.1, and are thus 
not representative of the rest of the matrix. Outputs from the four energy supply sectors 
were also excluded because energy is the parameter of the model. The potential number 
of non-zero inputs to each sector is thus 109, rather than 113. The number of non-zero 
direct energy paths at any stage for any sector in the input-output model was estimated 
using equation 3.5.  
P = (109 x 88.80%)S (3.5) 
where P = the number of non-zero direct energy paths at any stage S. 
For stage 1, the number of non-zero direct energy paths for any non-energy sector was 
estimated using equation 3.5 to be 97 (rounded to nearest integer). For stage 2, the 
number of non-zero direct energy paths was estimated to be 9369. For stage 3, the 
number was estimated to be 906 814. For stage 4, the number was estimated to be 
87 772 376. For stage 5, the number was estimated to be 8495 663 818. Up to and 
including stage 5, the number of non-zero direct energy paths for any non-energy sector 
was thus estimated to be 8.6 x 109. At stage 12, however, the number of non-zero paths 
is likely to be around 6.7 x 1023. 
In summary, due to the very large number of non-zero direct energy paths estimated in 
this sub-section, a method needed to be developed to cull the paths that may have very 
small values. However, the number of paths for which process analysis data was 
available for the case study building analysed in chapter 4 was not yet known. A 
flexible technique was therefore required, which could be repeated easily to derive 
models of varying complexity. The facility in the algorithm for choosing an arbitrary 
threshold value, combined with the capacity for repetitious experimentation facilitated 
by pruning, provided this flexibility. The use of yet smaller threshold values will result 
in more detailed sets of direct energy paths being returned.  
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3.3.2. Output of the direct energy path extraction algorithm 
Information reported for each direct energy path included the direct energy intensity (in 
GJ per $100 of the target sector’s output) and the list of sectors describing the nodes 
required for each path (as indicated by equation 2.5). For example, one stage 3 direct 
energy path for ‘residential building construction’ might be ‘cement and lime’ into 
‘concrete slurry’. This direct energy path requires the direct energy intensity for the 
‘cement and lime’ sector and the direct input-output coefficients for ‘cement and lime’ 
into ‘concrete slurry’ and ‘concrete slurry’ into ‘residential building construction’. 
In chapter 2, three levels of complexity were identified as being of interest for an input-
output-based hybrid analysis: 
• the top nine direct energy paths (to compare the level of detail common in process 
analyses of basic materials); 
• the top 90 direct energy paths (to compare the level of detail common in process-
based hybrid analyses of buildings); and 
• the paths required to describe 90% of the total energy intensity (to compare to the 
results analysed in table 2.1 for the Treloar, 1994, study). 
The top nine and the top 90 direct energy paths were identified by sorting the direct 
energy paths in descending order. Sufficient numbers of direct energy paths were 
extracted by trial and error, using progressively smaller threshold values. The paths 
required to describe 90% of the total energy intensity were identified by following the 
cumulative total of the direct energy values down the list.  
The direct energy path data were used to draw a tree diagrams which graphically 
summarised the results in a three dimensional representation. A sample direct energy 
tree is given in figure 3.11. The concept of direct energy tree diagrams was introduced 
in figure 2.7, but with axes of different orientation.  
In this case, the x-axis of the direct energy tree diagram is horizontal. The 113 sectors 
are categorised into eight large sector groups: 
• primary production; 
• food and drink; 
• textiles; 
• other manufacturing; 
• capital equipment and construction; 
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• trade and repairs; 
• transport and communication; and 
• finance and other services (appendix D). 
Each upstream stage is represented on the diagonal y-axis in figure 3.11. At each stage, 
the x-axis is repeated, to show flows of goods and services between sectors at each 
stage. The tickmarks on the x-axis are extended diagonally, parallel to the y-axis, to 
demonstrate the repetition of the y-axis at each upstream stage. The vertical z-axis 
shows the direct energy intensity value paths as a proportion of the total energy 
intensity of the target sector. The tickmarks on the vertical z-axis coincide with the 
horizontal tickmarks on the y-axis, so that the value of direct energy paths is able to be 
read more easily.  
An example direct energy path is depicted in figure 3.11. This direct energy path 
represents a purchase from one of the ‘capital equipment and construction’ sectors by 
one of the ‘other manufacturing’ sectors. The components of the direct energy path are 
represented by:  
• a ‘tracer’ line (for the product quantity); and  
• a ‘value’ line (for the direct energy intensity, see legend to figure 3.11).  
The tracer line represents the presence of a product flow for a path whose direct energy 
intensity value is larger than the threshold value, but the value of the flow (for example, 
in $/$) is not indicated. The tracer line connects the buying sector (at stage 0) and the 
selling sector (at stage 1), and its domain is the x-y plane. The target sector is indicated 
by the position that the tracer line connects with the stage 0 line on the x-axis.  
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NB some sector group names are abbreviated (see appendix D) 
Figure 3.11 Sample direct energy tree diagram 
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However, the value line in figure 3.11 indicates both the presence and value of the 
direct energy intensity of the path (perpendicular to the x-y plane, as discussed above). 
In this example direct energy path, the direct energy value represents approximately 
17% of the total energy intensity of the target sector. 
It is difficult to differentiate between sectors in the direct energy tree diagram, due to 
the density of the x-axis (ie, because each is approximately 1 mm wide). However, this 
information can be determined from the non-graphical output (as described at the 
beginning of this sub-section). However, the diagram’s main benefit is that it can show 
qualitatively which parts of the economy are responsible for the most important direct 
energy paths of a sector, rather than having to scan through dozens or hundreds of 
results to gain an overall impression. The direct energy trees may be useful for quick 
comparisons as the complexity of the runs increase.  
3.4. Direct energy path results 
In this section, the direct energy paths for ‘residential building construction’ are firstly 
extracted, for the three levels of complexity  identified in chapter 2 as being of interest 
in an input-output-based hybrid analysis: the top nine and the top 90 direct energy 
paths, and the paths required to describe 90% of the total energy intensity. These results 
are then compared to the direct energy paths extracted for the other non-energy sectors 
describing 90% of their total energy intensities. Finally, in this section, the direct energy 
paths for ‘residential building construction’ are extracted near the limit to examine 
whether they represent mutually exclusive components of the total energy intensity. 
3.4.1. Direct energy paths for ‘residential building construction’  
This sub-section presents the direct energy paths for the Australian ‘residential building 
construction’ sector. The top nine and the top 90 direct energy paths are presented, as 
well as the paths required to give 90% of the total energy intensity of ‘residential 
building construction’ (as discussed in the previous sub-section). The direct energy 
paths for each level of complexity were also plotted as direct energy tree diagrams, 
demonstrating their qualitative characteristics.  
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The top nine direct energy paths  
The top nine direct energy paths for ‘residential building construction’ were ranked in 
terms of their direct energy intensity value, so that the paths most likely to be important 
were listed first. There would be no point ranking them by total energy intensity terms, 
for instance, because then paths with more important indirect energy but less important 
direct energy may be ranked above others with greater direct energy. This would be 
unsatisfactory because then more effort may be spent attempting to derive process 
analysis data for a path which may comprise many very small paths in direct energy 
terms (a flaw in the first input-output-based hybrid analysis option, discussed in sub-
section 2.3.2). 
The direct energy intensity value of the ninth ranked path was 0.0096 GJ/$100 
(representing 1.13% of the total energy intensity of ‘residential building construction’). 
This value could be used as a threshold value to re-extract the top nine paths for 
‘residential building construction’ (though, this may not be successful if even minor 
changes are made to the data in the input-output model).  
The top nine direct energy paths comprised one stage 0 path (ie, the direct energy of 
‘residential building construction’), six stage 1 paths and two stage 2 paths (table 3.4). 
The first column of table 3.4 gives the lists of nodes for the direct energy paths. The 
stages for each direct energy path appear in parentheses. For example, the direct energy 
of ‘residential building construction’ is a stage 0 direct energy path. The second column 
gives the path rankings. The third column gives the direct energy intensity values. The 
paths are ranked in descending order by direct energy intensity value. 
The sum of the direct energy intensity values of the top nine direct energy paths 
represented 58.17% of the total embodied energy of this sector (0.8510 GJ/$100). The 
potential for the top nine direct energy paths as the basis for an input-output-based 
hybrid analysis of an individual residential building is therefore limited to this amount 
(as a percentage of the initial values).  
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Table 3.4 Top nine direct energy paths for ‘residential building construction’  
lists of nodes for direct energy paths (stage) ranking direct energy intensity (GJ/$100) 
‘ceramic products’ (1) 1 0.1727 
direct energy of ‘residential building construction’ (0) 2 0.1446 
‘cement and lime’ into ‘concrete slurry’ (2) 3 0.0376 
‘road transport’ (1) 4 0.0290 
‘cement and lime’ into ‘plaster and other concrete prods’ (2) 5 0.0289 
‘plaster and other concrete products’ (1) 6 0.0258 
‘other property services’ (1) 7 0.0249 
‘iron and steel’ (1) 8 0.0219 
‘cement and lime’ (1) 9 0.0096 
 total 0.4950 
 
However, the direct energy intensity values are not very reliable because of the 
inadequacies of the input-output model (section 2.2). Nevertheless, due to the 
substantial differences between many of the direct energy path values, the rankings are 
likely to remain relatively robust. For example, the direct energy intensity value of the 
largest path, ‘ceramic products’ into ‘residential building construction’, was more than 
17 times larger than the direct energy intensity value of the ninth path, ‘cement and 
lime’ into ‘residential building construction’. Similarly, even when related paths are 
summed the rankings appear robust. ‘Cement and lime’ was used three times:  
• in the third path as a direct input into ‘concrete slurry’;  
• in the fifth path as direct input into ‘plaster and other concrete products’; and 
• in the ninth path as a direct input into ‘residential building construction’.  
These three ‘cement and lime’ paths totalled 0.0761 GJ/$100 in direct energy terms, 
which is 47.4% less that the direct energy of ‘residential building construction’, the 
second ranked path. By summing these three paths relating the direct energy 
requirements by ‘cement and lime’, therefore, the third ranked path does not change 
position.  
The direct energy tree diagram for the top nine paths for the Australian ‘residential 
building construction’ is given in figure 3.12. There is no tracer for the ‘cement and 
lime’ into ‘concrete slurry’ path, as the direct energy intensity value for this path was 
smaller than the threshold value. The direct energy values for two of the three direct 
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energy paths involving ‘cement and lime’ overlapped, making them difficult to identify. 
The ‘cement and lime’ into ‘concrete slurry’ path’s direct energy value was 23.14% 
smaller than the ‘cement and lime’ into ‘plaster and other concrete products’ path’s 
direct energy value. 
The tracers to each of the ‘cement and lime’ nodes for the two direct energy paths at 
stage 2 emanate from different stage 1 sectors, enabling unique identification of each of 
these two direct energy paths. However, the purpose of the direct energy tree diagram 
was not to enable identification of the direct energy paths. That is the role of the non-
graphical output of the algorithm. However, the direct energy trees were designed to 
enable easy comparison of the qualitative aspects of runs of different complexity. This 
is emphasised below. 
The direct energy tree for the top nine paths showed that most were from the ‘other 
manufacturing’ sector group. As discussed above, even though only five direct energy 
value lines appear in this sector group, this is because one is hidden behind another at 
stage 2. The correct number of direct energy paths in the ‘other manufacturing’ sector 
group can be determined by counting the tracer lines leading into this sector group. 
The other three direct energy paths were in the ‘capital equipment and construction’ 
sector group (ie, the direct energy of ‘residential building construction’), the ‘transport 
and communication’ sector group and the ‘finance and other services’ sector group. 
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Figure 3.12 Direct energy tree diagram for the top nine direct energy paths for 
‘residential building construction’  
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The top 90 direct energy paths  
The top 90 direct energy paths derived for ‘residential building construction’ are listed 
in the first part of appendix E, table E1. The combined direct energy value of the top 90 
direct energy paths, including those in the top nine, comprised 81.6% of the total energy 
intensity of ‘residential building construction’. Therefore, the benefit of the additional 
detail provided by the top 90 direct energy paths, over the top nine direct energy paths, 
represented 23.4% of the total energy intensity. However, ten times more data would be 
required for the top 90 direct energy paths in an input-output-based hybrid analysis of 
an individual residential building, compared to the data required for the top nine paths.  
The direct energy intensity value of the 90th path was 0.000675 GJ/$100. This value 
could be used as the threshold value to re-extract the top 90 paths for ‘residential 
building construction’. However, the rankings at this level of complexity cannot be 
considered valid, due to errors associated with, for example, the use of fixed energy 
tariffs.  
Figure 3.13 shows the energy embodied directly in the top 90 paths for ‘residential 
building construction’ by stage. The top nine direct energy paths are identified (for 
example, ‘#3’ means the 3rd ranked direct energy path), but the 10th to 90th paths are not 
identified, for the sake of simplicity. This diagram demonstrates that a substantial 
proportion of the power series approximation result given in figure 3.5 for this sector 
has been decomposed. The paths in the top 90 occurring at each stage are stacked on top 
of each other. The paths ranked outside the top 90 at each stage are summed and placed 
in the top of the stack (as indicated in figure 3.13). The sums of the paths ranked lower 
than 90th at each stage were determined by deduction from the power series 
approximation result for the ‘residential building construction’ sector for each stage 
(appendix B, table B3).  
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Figure 3.13 Top 90 direct energy paths for ‘residential building construction’, by 
stage 
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The sum of the energy intensities for stages 4-12 can be seen from figure 3.13 to be 
similar in size to the third path. This indicates that it is equally important to include the 
energy embodied in processes more than three stages upstream as it is to include the 
input of ‘cement and lime’ into ‘concrete slurry’ into ‘residential building construction’. 
The validation of the third direct energy path to values within reasonable limits may 
require information that is currently unavailable from industry. However, data required 
for the processes occurring more than three stages upstream is infinitely more complex 
than the data required for the third direct energy path (at least in practical terms). 
The direct energy tree for the top 90 direct energy paths, including the top nine paths, is 
given in figure 3.14. Several value lines and tracers overlap in this direct energy tree, 
and cannot be uniquely identified. All overlapping tracers occurred in the ‘other 
manufacturing’ sector group, meaning that the direct energy paths in other sector groups 
can be uniquely identified. There were five direct energy paths in ‘primary production’, 
five in ‘capital equipment and construction’ (including the direct energy of ‘residential 
building construction’ at stage 0), three in ‘trade and repairs’, eleven in ‘transport and 
communication’ and nine in ‘finance and other services’. The number of direct energy 
paths in sector groups other than ‘other manufacturing’ was 33. The number of direct 
energy paths in the ‘other manufacturing’ sector group, therefore, comprised the 
remainder of 57.  
This level of complexity appears to be the limit for this type of analysis of direct energy 
tree diagrams. However, the direct energy trees were not intended for this purpose. 
Rather, they were intended to be used to convey levels of complexity. Furthermore, it 
can be seen from figure 3.14 that the ‘other manufacturing sector group was responsible 
for the most direct energy paths occurring at any stage without counting them.  
The top 592 direct energy paths  
The number of paths required to describe 90% of the total energy intensity of 
‘residential building construction’ was found to be 592 (appendix E, table E1). This 
number was higher than expected, based on the analysis of the office building study in 
table 2.1. It is unlikely that the data required for the validation of the top 592 direct 
energy paths would be able to be collected for most projects. However, for other 
sectors, the paths describing 90% of the total energy intensity may be fewer. 
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Figure 3.14 Direct energy tree diagram for the top 90 direct energy paths for 
‘residential building construction’  
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 3: Direct energy paths   page 83 
The direct energy paths found at each stage in the top 592, including those in the top 90 
and top nine, are analysed in summary form in table 3.5. The number of paths found at 
each stage is given, along with the sum of the direct energy intensity values of direct 
energy paths found at each stage. The proportions of the total energy intensity of 
‘residential building construction’ given by the direct energy intensity values of paths 
found at each stage in the top 592 are also given in the final column of table 3.5.  
Table 3.5 Summary of the top 592 direct energy paths for ‘residential building 
construction’, by stage 
 number of paths sum of direct energy 
intensity values (GJ/$100) 
proportion of stage 0-12 total 
energy intensity (%) 
stage 0 1 0.145 16.99 
stage 1 64 0.372 43.75 
stage 2 306 0.211 24.75 
stage 3 181 0.034 4.02 
stage 4 38 0.0041 0.48 
stage 5 2 0.00015 0.02 
total 592 0.7659 90.00 
Source: appendix E, table E1, NB columns may not sum due to rounding 
Paths found in the top 592 at stage 5 represented only 0.02% of the stage 0-12 total 
energy intensity of ‘residential building construction’. However, the rankings of paths at 
this level of detail are extremely unreliable due to the small differences between their 
direct energy values (see appendix E, table E1). For example, the direct energy intensity 
values of the 549th to the 592nd paths can all be rounded to 0.00005 GJ/$100. Therefore, 
very small errors in the initial input-output model could cause large changes in the 
rankings. The general level of complexity of the results though is likely to remain fairly 
robust for this sector.  
The direct energy tree for the top 592 direct energy paths is given in figure 3.15, 
including the top 90 and top nine direct energy paths. However, the individual direct 
energy paths are for the most part indistinguishable at this level of complexity. This was 
due firstly to the high level of complexity of the data and secondly to the relatively 
small direct energy values of the paths, making them difficult to identify based on their 
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relative direct energy values alone (as was demonstrated for the ‘cement and lime’ 
direct energy paths in the direct energy tree for the top nine paths, figure 3.12).  
Many tracers overlapped in figure 3.15, making it impossible to distinguish them from 
one another. For example, for the following two paths, the stage 5 and stage 4 nodes 
(listed first and second respectively) were the same:  
1. ‘cement and lime’ into ‘plaster and other concrete products’ into ‘forestry and 
logging’ into ‘sawmill products’ into ‘sawmill products’; and 
2. ‘cement and lime’ into ‘plaster and other concrete products’ into ‘forestry and 
logging’ into ‘sawmill products’ into ‘other wood products’.  
However, it was not only the overlapping of tracers that made identification of direct 
energy paths difficult in the direct energy tree diagram, but also the close proximity of 
some tracers that were similarly positioned and similarly angled. 
Many direct energy paths occurred in the sector groups:  
• ‘other manufacturing’,  
• ‘trade and repairs’,  
• ‘transport and communication’, and  
• ‘finance and other services’.  
This was similar to the direct energy tree for the top 90 paths. Every sector group had at 
least three direct energy paths in figure 3.15, including the ‘textiles’ sector group. 
However, in the direct energy tree for the top 90 paths (figure 3.14), two sector groups 
had no direct energy paths: ‘food and drink’; and ‘textiles’. The direct energy tree for 
the top 592 paths, thus shows that in order to describe 90% of the total energy intensity 
of ‘residential building construction’, inputs from across the whole economy need to be 
considered. 
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Figure 3.15 Direct energy tree diagram for the top 592 direct energy paths for 
‘residential building construction’  
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3.4.2. Direct energy paths for other non-energy sectors  
The direct energy paths required to describe 90% of the total energy intensities of other 
non-energy sectors were extracted using the method described above for ‘residential 
building construction’. The threshold value required in each case was determined by 
trial and error, and the extracted paths were sorted in descending order until at least 
90% had been described. Then the numbers of paths required to describe 90% of the 
total energy intensity in each case were tabulated (appendix E, table E2) and graphed as 
a distribution (figure 3.16). 
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Source: appendix E, table E2 
Figure 3.16 Distribution of the number of direct energy paths required to describe 
90% of the total energy intensities for non-energy sectors  
As noted in sub-section 3.4.1, the number of direct energy paths required to describe 
90% of the total energy intensity for ‘residential building construction’ was 592. There 
were 21 sectors with a higher number than this, the highest being ‘non-bank finance’ 
with 3215, all representing sectors of greater complexity than ‘residential building 
construction’. However, there were 67 sectors which appeared to be less than half as 
complex as ‘residential building construction’, because 90% of their total energy 
intensity was described by less that 296 direct energy paths. Thirty six of these required 
only 90 direct energy paths, while 12 of these required only nine direct energy paths to 
describe 90% of their total energy intensity. The median value was 171. 
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3.4.3. Near the limit for direct energy path extraction  
In section 3.4.1, the direct energy paths for the Australian ‘residential building 
construction’ sector were presented in three levels of complexity. The paths comprising 
90% of the total energy intensity of ‘residential building construction’ are likely to be a 
complex enough basis for the hybrid analysis of an individual residential building. The 
remaining 10% of the total energy intensity of ‘residential building construction’ 
comprised paths with direct energy values smaller than 0.00005024 GJ/$100. In order to 
prove the first hypothesis, these direct energy paths need to be investigated further, to 
check that they represent mutually exclusive proportions of the total energy intensity for 
‘residential building construction’. 
This sub-section will also examine what happens to the complexity of the results when 
yet smaller threshold values are used. Some direct energy paths may be found further 
upstream than stage 5 using threshold values smaller than 0.00005024 GJ/$100. 
However, for reasons of practicality, only paths up to stage 5 will be considered here. 
The path details were not listed, even as raw data, in the experimentation described in 
this sub-section. Rather, summary tables were derived (as discussed in section 3.3.2).  
Table 3.6 summarises the results for direct energy paths extracted for ‘residential 
building construction’ using threshold values between 0.1 and 0.000 000 001 GJ/$100, 
at intervals of 10-1. The sum of the direct energy values of paths extracted at each stage 
were compared to the total energy intensity for ‘residential building construction’ for 
stages 0-5 (0.8452 GJ/$100, derived using the power series approximation). The 
number of paths increased by a factor of approximately 5.5 between each increment of 
the threshold value.  
Table 3.6 shows that up to 99.7% of the total energy intensity for stages 0 to 5 was 
described by direct energy paths extracted for ‘residential building construction’ up to 
and including stage 5. This proportion offers strong evidence that direct energy paths 
approach the power series approximation near the limit, at least for this sector.  
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Table 3.6 Summary results for direct energy paths for ‘residential building 
construction’ extracted to stage 5 using decreasing threshold values 
threshold value  
(GJ/$100) 
cumulative number of 
paths at stages 0-5 
cumulative proportion of stage 0-5 
total energy intensity (0.8452 GJ/$100) 
0.1 2 37.5% 
0.01 8 57.4% 
0.001 68 79.3% 
0.0001 353 88.6% 
0.000 01 1873 93.8% 
0.000 001 10 425 96.7% 
0.000 0001 58 337 98.4% 
0.000 000 01 318 269 99.2% 
0.000 000 001 1622 911 99.7% 
 
However, 0.3% of the stage 5 total energy intensity for ‘residential building 
construction’ is still unexplained. This proportion of the total energy intensity is 
equivalent to the direct energy intensity value of what would be the 34th ranked direct 
energy path for ‘residential building construction’ (appendix E, table E1). However, this 
amount is 100 times larger than the average discrepancy between the total energy 
intensities derived using the power series approximation and the Leontief inverse 
(0.003%, sub-section 3.2.3).  
Therefore, in order to demonstrate that the direct energy paths are mutually exclusive, 
in the context of the discrepancy between the power series approximation and Leontief 
inverse input-output matrix, more detailed results need to be derived. The results 
described in table 3.6 took some days to process. Considerably more detail than this 
would require many weeks, perhaps months, using the algorithm given in appendix C 
and the Pentium 150 computer used to generate the results described so far. There are 
several possible solutions:  
• use a faster computer, or a group of computers, or simply wait; 
• develop more efficient code; 
• do a test using a smaller input-output matrix; or 
• decrease the depth limitation to stage 4 from stage 5. 
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The easiest of these solutions was to decrease the depth limitation to stage 4 from 
stage 5. This enabled the use of even smaller threshold values, while allowing runs to be 
completed within reasonable periods of time (ie, days rather than months, table 3.6). 
Theoretically, there is no difference in limiting the direct energy path extraction to 
stage 4 or stage 5, even though in practical terms the stage 5 results were required to 
describe 90% of the total energy intensity of ‘residential building construction’.  
Table 3.7 summarises the results of the extraction of direct energy paths limited to 
stage 4, using threshold values decreasing down to 10-13 GJ/$100, again at steps of 10-1. 
The sums of the direct energy values of paths extracted at each stage were compared to 
the total energy intensity for ‘residential building construction’ for stages 0-4 
(0.8357 GJ/$100, derived using the power series approximation, appendix B, table B3).  
Table 3.7 Summary results for direct energy paths for ‘residential building 
construction’ extracted to stage 4 using decreasing threshold values 
threshold value  
(GJ/$100) 
cumulative number of 
paths at stages 0-4 
cumulative proportion of stage 0-4 
total energy intensity (0.8357 GJ/$100) 
0.1 (10-1) 2 37.97% 
0.01 (10-2) 8 58.09% 
0.001 (10-3) 68 80.16% 
0.0001 (10-4) 353 89.66% 
0.000 01 (10-5) 1830 94.82% 
0.000 001 (10-6) 9886 97.59% 
0.000 0001 (10-7) 51 045 99.03% 
0.000 000 01 (10-8) 230 660 99.17% 
0.000 000 001 (10-9) 858 653 99.91% 
0.000 000 0001 (10-10) 2596 455 99.98% 
0.000 000 000 01 (10-11) 6423 535 99.997% 
0.000 000 000 001 (10-12) 13 244 359 99.9995% 
0.000 000 000 0001 (10-13) 23 313 060 99.99994% 
 
Figure 3.17 plots the data presented in tables 3.6 and 3.7. The number of paths at 
stage 5 appears as a straight line, while the number of paths limited to stage 4 begins to 
flatten off at around a threshold value of around 10-7. This flattening is likely to be 
because the number of paths found at stage 4 was approaching the likely number of 
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non-zero paths for stage 4 (ie, 8.78 x 107, estimated using equation 3.5). Using a 
threshold value of 10-13, 26% of the likely number of non-zero paths for stage 4 were 
found (2.3 x 107, table 3.7).  
This flattening did not happen for the large runs limited to stage 5 because the number 
of paths found (1622 911, table 3.6) represented only 0.02% of the likely number of 
non-zero paths for stage 5 (ie, 8.49 x 109, estimated using equation 3.5). The two lines 
in figure 3.17, representing the proportions of the total energy intensity up to stages 4 
and 5, were almost identical in each case, but there was a perceptible difference 
between the threshold values 10-3 and 10-7.  
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Source: table 3.6 and table 3.7, ‘No.’ = number, ‘TEI’ = total energy intensity   
Figure 3.17 Comparison of the summary results for direct energy paths for 
‘residential building construction’ extracted to stage 4 and stage 5  
In summary, in this sub-section it was found that 99.9994% of the stage 0-4 total energy 
intensity derived using the power series approximation was given by direct energy paths 
extracted up to and including stage 4 using a threshold value of 10-13. However, 
2.33 x 107 direct energy paths were extracted. While this level of detail is unlikely to be 
practical in an input-output-based hybrid analysis of an individual product, the results in 
table 3.7 show that the direct energy paths represent mutually exclusive portions of the 
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total energy intensity derived using the power series approximation. The direct energy 
paths for other sectors are also likely to be able to be shown to be mutually exclusive. 
3.5. Summary 
This chapter presented the derivation of an input-output model for Australia 1992-93, 
and a method for extracting direct energy paths from the input-output model was 
developed and demonstrated for ‘residential building construction’. The direct energy 
paths for ‘residential building construction’ were found to extend across the whole 
economy.  
Direct energy paths for ‘residential building construction’ describing 90% of the total 
energy intensity appear to represent sufficient detail for the input-output-based hybrid 
analysis of an individual residential building. However, the number of paths required to 
describe 90% of the total energy intensity was found to be 592. This level of complexity 
was unexpected, based on previous process-based hybrid analysis studies analysed in 
chapter 2. Yet the number of direct energy paths required to describe 90% of the total 
energy intensity for other non-energy sectors was found to vary between 1 and 3215, 
with a median of 171 (indicating that ‘residential building construction’ was relatively 
complex).  
The first hypothesis, that “direct energy paths represent mutually exclusive components 
of the total energy intensity”, has been validated because 99.99994% of the total energy 
intensity for ‘residential building construction’ limited to stage 4 was able to be 
explained by direct energy paths extracted up to stage 4. Consequently, direct energy 
paths can be modified using process analysis data without unwanted indirect effects, as 
proposed in chapter 2. This is demonstrated in the input-output-based hybrid analysis of 
an individual residential building in chapter 4 using the direct energy paths presented in 
this chapter. 
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4. Input-output-based hybrid analysis 
In chapter 2, a new input-output-based hybrid analysis method was suggested, involving 
the modification of direct energy paths extracted from the input-output model with 
process analysis data for an individual product. A method for the extraction of direct 
energy paths from the input-output model was then demonstrated in chapter 3 for the 
‘residential building construction’ sector. Direct energy paths were shown to represent 
mutually exclusive components of the total energy intensity, enabling their use as the 
basis of a hybrid analysis.  
The aim of this chapter is to develop further the new input-output-based hybrid analysis 
method suggested in chapter 2, and to demonstrate its application to an individual 
residential building.  
The new input-output-based hybrid analysis method is described in general terms, and 
then its application to a selected residential building is discussed. The proportion of the 
total embodied energy modified by the integration of process analysis data is then 
calculated for the three levels of complexity (ie, the top nine, 90 and 592 direct energy 
paths) to indicate the relative reliability associated with the integration of process 
analysis data for input-output models of increasing complexity. 
4.1. A new input-output-based hybrid analysis method  
The new input-output-based hybrid analysis method requires, in general terms: 
1. calculation of the initial total embodied energy of the individual product using the 
total energy intensity derived using input-output analysis;  
2. modification of direct energy paths for the sector from which the product originates 
using process analysis data for the individual product; and  
3. calculation of the modified proportion of the new total embodied energy figure.  
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These three techniques are firstly described, and the application of the new input-
output-based hybrid analysis method to an individual residential building is then 
discussed. 
4.1.1. Total embodied energy of the individual product  
The national economic sector which supplies the individual product to be analysed is 
firstly identified. The total energy intensity of that sector is then multiplied by the price 
for the individual product, giving the total embodied energy of the product in physical 
units. The price for the product under consideration is therefore a critical factor, because 
seemingly small errors can have significant effects. For example, if the price for an 
individual product includes the effects of competition, and other products from that 
sector do not suffer the same effect, then the total embodied energy derived for that 
particular product may be over estimated.  
The components of total embodied energy can be represented schematically (figure 4.1). 
The circle represents the direct energy and the large polygon represents the indirect 
energy. While the indirect energy extends in discrete direct energy paths to stage ∞ 
(indicated by “...”), it is represented here as a unified system (the disaggregation of the 
input-output model was depicted in several diagrams in chapter 2). The total embodied 
energy equals the direct plus the indirect energy.  
...
indirect energy
stage 6stage 5stage 4
upstream
stage 3stage 2stage 1stage 0
direct energy
 
Figure 4.1 Schematic of the total embodied energy of an individual product   
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Figure 4.1 demonstrates the simplicity of the input-output analysis method in its most 
basic form (ie, where the indirect energy is determined by subtracting the direct input-
output matrix results from the Leontief inverse input-output matrix results). The detail 
presented in chapter 3 in the form of complex mutually exclusive direct energy paths is 
hidden.  
4.1.2. Modification of direct energy paths  
As demonstrated in chapter 3, direct energy paths represented mutually exclusive 
components of the total energy intensity derived from the input-output model. 
Therefore, the modification of one direct energy path using process analysis data will 
not have indirect effects in other direct energy paths, unless that process analysis data is 
also applied to those direct energy paths.  
Each direct energy path comprises a product quantity (ie, the direct input-output 
coefficient, or chain of coefficients) and the direct energy intensity of the furthest 
upstream node in the chain (equation 2.5). In each case, the national average (ie, input-
output) data can be modified discretely with case specific (ie, process analysis) data. 
This modification process is described in detail below. 
The modification of components of direct energy paths can be represented by four 
combinations at stage 1, with the various components either modified or unmodified: 
1. modified product quantity only; 
2. modified product quantity and modified direct energy intensity; 
3. modified direct energy intensity only; and 
4. unmodified product quantity and unmodified direct energy intensity. 
In figure 4.2, these four types of direct energy path are represented in the context of the 
schematic framework summarised by figure 4.1. Product quantities are represented by 
lines in figure 4.2 (much like the tracer lines in the direct energy tree diagrams in 
chapter 3, except that the position of the tracer does not indicate the sectors concerned).  
Direct energy intensities are represented by circles at each node in figure 4.2 (similar to 
the value lines in the direct energy tree diagrams presented in chapter 3, except that the 
quantity of energy is not indicated). The lines representing product quantities connect 
the direct energy intensity of the target sector at stage 0 (ie, the left-hand circle) and the 
direct energy intensities for the various direct energy paths (ie, the right-hand circles). 
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Direct energy paths for stages further upstream than stage 1 comprise increasingly 
complex variations of the four options given for stage 1 in figure 4.2, and can be 
represented similarly by simply appending the four stage 1 options to one another.  
direct energy
intensity 2
1
4
3
...
stage 1stage 0
legend:
modified product quantity
modified direct energy intensity
unmodified product quantity
unmodified direct energy intensity
 
Figure 4.2 Schematic of four types of modified direct energy paths  
Equations 4.1, 4.2 and 4.3 describe the values of the first three types of direct energy 
paths listed above. The fourth type of direct energy path requires no detailed 
calculations, except to relate the path to the individual product through the use of a 
product price for the individual product, as discussed in sub-section 4.1.1 for the 
determination of the total embodied energy for the individual product. 
Equation 4.1 gives the value of a direct energy path with only the product quantity 
modified. The direct energy intensity derived initially using input-output analysis for 
the sector represented by the first node in the path (in a downstream sense) is multiplied 
by the price for the product assigned that direct energy path and the quantity of that 
product derived using process analysis for the individual residential building. For 
example, different types of ‘road transport’ may be used, involving different distances 
and fuel efficiencies (Boustead and Hancock, 1979). Equation 4.1 is given for the case 
where multiple products are assigned to paths with only the product quantity modified, 
and is limited to stage 1 paths for clarity.  
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MODin = 
ε i
pr pr
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Tariff D
100 1
× ×∑
=
[ ]  (4.1) 
where, MODin is the value of a stage 1 direct energy path with only a modified product 
quantity (in GJ), and: 
εi = the direct energy intensity of the sector, i, derived using input-output  analysis 
 (in GJ/$100); 
PR = the number of products, pr, assigned to the direct energy path;  
Tariffpr = the product price (in $/unit that the product quantity was measured); and  
Dpr = the product quantity (in the units that the product quantity was measured). 
The value of a direct energy path with both the product quantity and direct energy 
intensity modified is given by equation 4.2 for the case where multiple products are 
assigned to the path. Modification of a path’s direct energy and product quantity 
comprised summing the products of the direct energy intensities and product quantities 
for each product assigned that path. The case where either the direct energy intensities 
or the product quantities are not derived for some products in a direct energy path is not 
given by equation 4.2. Again, the equation is given for a stage 1 path for clarity.  
MODin =   (4.2) [ ]ε pr pr
pr
PR
D×∑
=1
where, MODin is the value of a stage 1 direct energy path with both modified product 
quantities and direct energy intensities (in GJ), and: 
PR = the number of products, pr, assigned to the direct energy path;  
εpr = the direct energy intensity derived for the product, pr, (in GJ/unit that the  
 product quantity was measured); and 
Dpr = the product quantity (in the units that the product quantity was measured). 
The value of a direct energy path with only the direct energy intensity modified is given 
by equation 4.3 for the case where only one product is assigned to the path. 
Modification of only a path’s direct energy intensity comprised multiplying the initial 
input-output value for the path by the ratio between the direct energy intensity derived 
for the product using process analysis and the direct energy intensity derived initially 
using input-output analysis for the sector represented by the first node in the path (in a 
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downstream sense), and multiplying the result by the total price for the target product. 
The product quantity for the path given by the input-output data is therefore retained, 
because only the direct energy intensity component is modified. The case where more 
than one product is assigned to a direct energy path is not given by equation 4.3 
because, in such cases, the product quantity would also be derived. Again, the equation 
is given for a stage 1 path for clarity.  
MODin = ε εεin
pr
i
nprice× ×
100
 (4.3) 
where, MODin is the value of a stage 1 path with only a modified direct energy intensity 
(in GJ), and: 
εin = the initial direct energy intensity value for the path (in GJ/$100); 
εi = the direct energy intensity of the sector i, initially derived using input-output  
 analysis (in GJ/$100); 
εpr = the direct energy intensity derived for the product, pr, using process  analysis  
 (in GJ/$100); and 
pricen = the total price for the target product (in $). 
In the new input-output-based hybrid analysis method, the modification of the direct 
energy value of a path should not affect the indirect energy of the path. However, this 
rule may have exceptions. For example, if the amount of concrete used in the 
construction of a building is measured, this will increase the certainty pertaining to the 
amount of cement required for that amount of concrete (if the grade of concrete is 
known). However, the amount of ‘banking’ services required by the concrete 
manufacturer may remain uncertain, because information regarding product quantities 
relating to services sectors such as ‘banking’ is currently unavailable.  
The framework is completed for the input-output-based hybrid analysis by subtracting 
the initial input-output values of the modified direct energy paths from the total 
embodied energy for the individual product and adding the remainder (ie, the value of 
unmodified paths) to the new value of the modified paths.  
Direct energy intensities derived using process analysis should be limited to national 
average data for, or close to, the year in which the input-output data was published 
(assuming the product was manufactured within a few years of the collection of the 
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input-output data). International direct energy intensities should not be used, neither 
should data more than a few years older than the input-output data, as has been common 
practice in previous process-based hybrid analyses (sub-section 2.3.1). It is likely that 
international direct energy intensities of this age are of similar unreliability to those 
derived using input-output analysis (Bullard et al, 1978; Peet and Baines, 1986; Pullen, 
1995). Therefore, in the absence of recent and local direct energy intensities derived 
using process analysis, the input-output data should be left in place to maintain 
consistency with the rest of the retained input-output data in the input-output-based 
hybrid analysis.  
4.1.3. Calculation of the modified proportion  
The demonstration of the new input-output-based hybrid analysis method in this chapter 
is intended to highlight the areas for which data is not commonly collected. This is 
achieved by calculating the proportion of the total embodied energy modified by the 
substitution of process analysis data. Since the process analysis data is to be collected 
mainly according to the current process analysis framework, then the limitations of the 
process analysis framework, compared to the input-output framework, will be 
highlighted.  
Therefore, the proportion of the total embodied energy remaining as input-output data 
(ie, the unmodified proportion) would indicate the relative importance of the types of 
processes commonly ignored in process analyses and process-based hybrid analyses. 
Types of ignored processes commonly comprise: 
• ancillary activities, such as administration and lighting;  
• inputs of services and small items;  
• processing of basic materials into complex components; and  
• some components of the energy embodied in fuels (section 2.1; sub-section 2.3.1).  
There are two options for calculating the modified proportion: 
1. expressing the sum of the direct energy values of the modified paths as a proportion 
of the total embodied energy; or 
2. multiplying the modified path values by a weighting, to differentiate between paths 
with either one or both of the components modified, and then expressing the sum of 
the weighted path values as a proportion of the total embodied energy. 
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Option 1 for calculating the modified proportion is unsatisfactory because it 
overestimates the benefit of the modification of just one component of a direct energy 
path. For example, if the product quantity for a direct energy path is found to have 
increased by 10% due to its modification with process analysis data, then the full 10% 
of the direct energy path value would be considered in the modified proportion of the 
total embodied energy. If the direct energy path represents 10% of the total embodied 
energy, to continue the example, then the modified proportion would be 1%. However, 
if the direct energy intensity of that path is subsequently modified, and another 1% of 
the total is added to the proportion modified, then double counting occurs. At the 
extreme, if all the product quantities are firstly modified, then the proportion modified 
would be 100% of the total embodied energy. If the direct energy intensities are then all 
modified, the modified proportion would equal 200% of the total embodied energy.  
Option 2 for calculating the modified proportion is therefore a better way of calculating 
the modified proportion, because this type of double counting is not possible. The 
weighting used in the case of the modification of either a product quantity or direct 
energy intensity should be 50%, because each of the two components of a direct energy 
path are of equal sensitivity to the value of the path. If either the product quantity or 
direct energy intensity is increased by 10%, the path value will increase by 10%. 
However, the modified proportion in this case would only be 5% of the path value 
(detailed equations describing these calculations are given shortly for each type of 
modified direct energy path). If this direct energy path represented 10% of the total (as 
in the example in the previous paragraph), then the proportion of the total embodied 
energy modified would be 0.5% using option 2 (not 1% as calculated using option 1).  
In the above example, it is assumed that the modification process caused no change in 
the value of the direct energy paths. However, if the modification of a path causes the 
path value to change, then the total embodied energy will also change. Therefore, there 
are two options for considering the total embodied energy in the calculation of the 
modified proportion: 
a) as the initial total derived using input-output analysis (sub-section 4.1.1) 
b) as the final result of the input-output-based hybrid analysis (the calculation of which 
was described in sub-section 4.1.2). 
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However, option ‘a’ is not satisfactory. In an extreme example, if the initial total 
embodied energy of an individual product is 100 GJ, and both the product quantity and 
direct energy of the major direct energy path for the product initially comprising 90% of 
the total embodied energy is modified, resulting in an increase in this direct energy 
path’s value of 500%, then the total embodied energy for the individual product would 
become 460 GJ (ie, 90 x 5 + 10). According to option ‘a’, the proportion of the total 
embodied energy modified would be 450%. However, a modified proportion greater 
than unity is illogical.  
However, according to option ‘b’ for the consideration of the total embodied energy in 
the calculation of the modified proportion, the modified proportion for the above 
example would be 97.8%. This value is sensible because it is less than unity. If any 
other direct energy paths are subsequently modified, and are similarly found to increase 
in value, then the total embodied energy is recalculated, leading to a re-calculation of 
the proportion modified for the first path. If only one component is modified for another 
direct energy path, then the proportion modified will decrease.  
In summary, option ‘2b’ for calculating the modified proportion was preferred, and it 
comprises: 
2. multiplying the modified path values by a weighting, to differentiate between paths 
with either one or both of the components modified; and  
b)  then expressing the sum of the weighted path values as a proportion of the new total 
embodied energy.  
Equation 4.4 describes the calculation of the modified proportion of the total embodied 
energy for a stage 1 direct energy path for which either the product quantity or direct 
energy intensity is modified. Equation 4.4 is limited to stage 1 paths in this case for 
clarity.  
MPin = 
D
X
in i
n
×
×
ε
2
 (4.4) 
where: MPin is the modified proportion resulting from a direct energy path with either a 
modified product quantity or direct energy intensity; and 
Din = the product quantity for i into n (either from the input-output model or  derived 
 using process analysis); 
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εi = the direct energy intensity of i (either from the input-output model or derived 
 using process analysis); and 
Xn = the total embodied energy of the individual product derived using the input-
 output-based hybrid analysis method. 
Similarly, equation 4.5 describes the calculation of the modified proportion for a stage 1 
direct energy path for which both the product quantity and direct energy intensity is 
modified.  
MPin = 
D
X
in i
n
× ε
 (4.5) 
where: MPin is the modified proportion resulting from a direct energy path where both 
the product quantity and direct energy intensity are modified (and other terms are as for 
equation 4.4). 
In summary, if the product quantity is modified, 50% of the modified path value is 
counted in the modified proportion. Similarly, if the direct energy intensity is modified, 
50% of the modified path value is counted in the modified proportion. If both the 
product quantity and direct energy intensity of a path are derived, then 100% of the 
modified path value is counted in the modified proportion. The sum of each of these 
calculations is then expressed as a percentage of the new total embodied energy for the 
individual product.  
The calculation of the proportion modified has the potential to be a useful indicator of 
the level of integration of process analysis data into the input-output model. Similar 
studies can then be compared in terms of the relative amount of the result in each case 
that comprises process analysis data. 
4.1.4. Analysis of an individual residential building  
The components of the new input-output-based hybrid analysis method, described in the 
previous three sub-sections, are detailed in this sub-section for the analysis of an 
individual residential building. Firstly, the total embodied energy is calculated for the 
individual residential building using equation 4.6. 
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TEEirb = ε n irbprice× 100  (4.6) 
where, TEEirb is the total embodied energy of the individual residential building (in GJ), 
and: 
εn = the initial direct energy intensity value for the ‘residential building 
 construction’ sector (in GJ/$100); and 
priceirb = the total price for the individual residential building (in $). 
Secondly, direct energy paths are extracted and organised by the three levels of 
complexity identified in chapter 2 as being of interest to an input-output-based hybrid 
analysis (as already demonstrated in chapter 3):  
1. the top nine direct energy paths (representing the amount of effort typically put into 
the process analysis of a basic material);  
2. the top 90 paths (representing the amount of effort typically put into the process 
analysis of a building); and  
3. the top 592 direct energy paths (potentially representing the upper limit of viability 
for the input-output-based hybrid analysis of a building).  
Thirdly, process analysis data are collected for the individual residential building, 
comprising product quantities and direct energy intensities.  
Fourthly, equations 4.1, 4.2 and 4.3 are used to modify the direct energy paths for 
‘residential building construction’ with the process analysis data derived for the 
individual residential building.  
Fifthly, the initial direct energy intensity values for unmodified direct energy paths are 
converted to direct energy terms for the individual residential building using 
equation 4.6 (except that the term εn is replaced by the initial direct energy intensity 
value of each path) and are summed and added to the sum of the modified paths to make 
the framework more comprehensive.  
Finally, equations 4.4 and 4.5 are used to calculate the modified proportion for the 
individual residential building. 
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4.2. The demonstration building  
In this section, an individual residential building is selected and described for the 
purpose of demonstrating the new input-output-based hybrid analysis method. The 
collection of process analysis data for the selected individual residential building, 
comprising product quantities and direct energy intensities, is then detailed. These data 
are integrated with the direct energy paths for ‘residential building construction’ in 
section 4.3. 
4.2.1. Demonstration building description 
The criteria for the selection of the individual residential building for the demonstration 
of the new input-output-based hybrid analysis method were that:  
1. a comprehensive amount of process analysis data was available for it, and,  
2. it was a reasonably common style and size for residential buildings, but not 
necessarily the most common style and size. 
The primary criterion was established to ensure that the necessary data could be 
collected to facilitate the application of the new input-output-based hybrid analysis 
method. The secondary criterion was established so that the implications of applying the 
method to an atypical product of a sector could be discussed. 
The selected individual residential building was a semi-detached, two storey, two 
bedroom, brick veneer unit. The dwelling is one of six on a block, designed by 
architects Cunningham Keddie Pty Ltd, and is located in Essendon, Melbourne, 
Australia. Comprehensive process analysis data had already been collected for the 
demonstration building by Fay (1997).  
The selected building is representative of current medium-density residential buildings 
constructed in Australia. However, while medium density housing is not the most 
common type, it is one of the faster growing types (ABS, 1992). The built area of the 
demonstration building was 123 m2, including the single car garage, the external and 
internal walls, and its share of the double-brick party wall. While the building area may 
not be representative of residential buildings nationally, the input-output data is 
expressed in terms of unit prices. Therefore, if the types of products used in two 
buildings are similar, and the building designs are similar, then the quantities of 
products used are likely to be similar (ie, regardless of differences in building size). For 
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example, one would expect roughly twice the amount of bricks to be required for one 
house that is twice the price of another.  
While the selected residential building may not represent the most common type or size, 
many aspects of the construction methods are common. The substructure of the building 
was reinforced concrete, and the external walls were brick veneer. The structural 
framing was timber and the roof cladding was ‘Colour bond’ profiled steel decking. The 
walls and ceiling were insulated with reflective foil and fibreglass batts (R1.5 and R2.5 
respectively, according to current Victorian building regulations), and the single glazed 
windows were timber framed. The floor finish was carpet to living areas and bedrooms, 
vinyl tiles to the kitchen and family areas, and ceramic tiles in the bathroom and toilet. 
The building was fitted with built-in wardrobes to both bedrooms. Electrical appliances 
installed included a stove, refrigerator, washing machine, clothes drier, microwave 
oven, dishwasher and a space heater. Unusually, a solar hot water heated was installed 
on the roof and rain water was collected for the purpose of garden watering (Fay, 1997).  
The design can be described as one having an ‘architectural’ level of quality of design, 
finishes and fittings. Yet the quantities of materials and fittings were not so far above 
average as to warrant special consideration in this exercise.  
These inconsistencies will be ignored in the following analysis, and the building will be 
treated from now on as if the product quantities derived for it by Fay (1997) were for 
‘national average’ quality finishes and fittings. This allowed average product prices to 
be used, for instance, in the modification of direct energy paths involving the use of 
product quantities derived using process analysis (as specified by equation 4.1). The 
quantities of products relating to the design of the building, however, were not altered to 
reflect a ‘national average’ residential building style (due to the obvious difficulties of 
such as exercise). 
4.2.2. Derivation of product quantities  
Product quantities are more comprehensively available than direct energy intensities. 
This is due firstly to the wider application of cost estimation techniques involving the 
quantification of building materials than embodied energy analysis techniques. 
Secondly, a lack of reliable information from industry regarding energy consumption 
means that the product quantities are relatively easier to obtain. 
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The product quantities derived for the demonstration building by Fay (1997) are listed 
in appendix F, by item and by element. The product quantities for stage 1 inputs were 
for the most part measured from the plans, sections and elevations for the building. In 
other cases, product quantities were derived by examining the composition of items. 
Wastage multipliers were used by Fay to convert product quantities measured from the 
construction drawings for the demonstration building into delivered quantities. (ie, that 
were assumed to be delivered to the site)  
Each product in each item identified by Fay was assigned to one of the direct energy 
path presented in chapter 3 for ‘residential building construction’ (identified by rank in 
the last column of appendix F). For example, the items and products in the element 
‘wall finishes’ are listed in table 4.1. The product ‘tile, ceramic’ was assigned to the 1st 
direct energy path: ‘ceramic products’ into ‘residential building construction’ (see 
appendix E, table E1, for the original list of the top 592 direct energy paths by rank). 
The product ‘paint’ was assigned to the 34th direct energy path: ‘paints’ into ‘residential 
building construction’.  
Table 4.1 Products quantified for various items in the ‘wall finishes’ element for 
the demonstration building 
  
 
item 
product unit measured 
quantity 
(A) 
wastage 
multiplie
r (B) 
delivered 
quantity  
(A x B) 
assigned direct 
energy path rank 
some wet areas tile, ceramic m2 7.500 1.05 7.875 1 
external wall areas paint m2 181.890 1.05 190.985 34 
internal wall areas paint m2 133.840 1.05 140.532 34 
Source: appendix F, NB all but the last column of this data was derived and organised by Fay, 1997 
The units used for the derivation of product quantities varied depending upon whichever 
were most convenient for measuring the product being considered (for example, cubic 
metres of concrete or square metres of glass).  
The derivation of product quantities conformed for the most part to previous process-
based hybrid analyses. The three relatively minor exceptions were the consideration of 
the inputs of ‘furniture’, ‘household appliances’ and ‘banking’. The first two of these 
were included after the work of McCoubrie (1996) and the third after initial work by the 
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author (described in Treloar, 1996a). These exceptions, and the other common 
exclusions they were intended to represent, are discussed in more detail in chapter 5. 
For some direct energy paths, more than one product was quantified (as acknowledged 
in equations 4.1 and 4.2). For example, ‘clay bricks’, ‘tiles, ceramic’ and ‘vitreous 
china’ were quantified for the ‘ceramic products’ path (appendix F).  
The derived product quantities were classified by element to facilitate a systems 
approach for the analysis (as discussed by Lawson, 1996b). For example, the 
‘substructure’ element comprised the products:  
• concrete (various grades);  
• steel;  
• membrane; and 
• sand (appendix F).  
In comparison, the ‘upper floors’ element comprised the products: 
• particleboard; 
• timber; 
• steel; and 
• plasterboard 13mm (appendix F). 
Product quantities were derived for one stage 2 direct energy path in particular and 
several others in general (discussed later in this sub-section). It was considered 
worthwhile to specifically derive a product quantity for the stage 2 input of ‘cement and 
lime’ into ‘concrete slurry’ into the demonstration building, because there is a strong 
relationship between the amount of concrete of a certain grade used and the amount 
cement required for that concrete (table 4.2).  
Table 4.2 Quantity of cement in various concrete strength grades  
concrete strength grade (MPa) cement quantity (t/m3) 
15 0.28 
20 0.32 
30 0.40 
Source: interpolated linearly from data by the Cement and Concrete Association of Australia, 1995 
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The quantities of cement per cubic metre of the various grades of concrete were 
multiplied by the product quantities for the various grades of concrete to give the total 
quantity of cement used in the concrete used in the demonstration building (ie, 
representing the 3rd ranked direct energy path, which is not assigned to any product 
quantities in appendix F because it was directly upstream from the 21st direct energy 
path, ‘cement and lime’ into ‘concrete slurry’—the ‘cement and lime’ into ‘concrete 
slurry’ path represents the only occurrence of this anomaly).  
Product quantities were also derived for several other stage 2 direct energy paths 
(comprising the remainder of stage 2 paths involving the derivation of product 
quantities), but the method here was more general than that for the ‘cement and lime’ 
into ‘concrete slurry’ path (as noted above). For these paths, comprising exclusively of 
inputs of basic materials into processes involving their transformation into slightly more 
complex products, the stage 2 product quantity was assumed to be the same as the 
stage 1 product quantity. For example, the steel used in ‘fabricated metal products’ was 
assumed to be the same quantity as the ‘fabricated metal products’ measured for the 
building (ie, no off-site wastage factor was applied). Similarly, the ‘sawmill products’ 
used in ‘other wood products’ was assumed to be the same quantity as ‘other wood 
products’ measured for the building.  
The intention of the assumption stated in the previous paragraph was to remove from 
these relatively straight-forward direct energy paths the errors involved in using 
economic input-output data to simulate upstream requirements for such products. 
Therefore, the direct energy of these paths may have been conservatively estimated, 
because significant mass loss is likely in these types of processes (Boustead and 
Hancock, 1979). The uncertainty in the above statement, reflected by the phrase ‘... may 
have been ...”, is due to the requirement for a product price to be used in the 
modification of the direct energy paths involving this assumption, as detailed in 
equation 4.1 and discussed further in section 4.3. 
However, the assumption discussed in the previous two paragraphs may involve the 
double counting of some of the basic materials, due to sector classification anomalies. 
For example, if steel was manufactured directly from raw materials purchased from the 
‘iron ores’ sector, rather than being purchased from the ‘iron and steel’ sector by the 
‘fabricated metal products’ sector, then the energy to manufacture the steel may be 
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counted twice. This is because the energy to manufacture the steel may have already 
been included in the direct energy intensity for the ‘fabricated metal products’ sector. 
This problem was not resolved, and is discussed further in chapter 5. 
The stage 2 direct energy paths involved with the assumption discussed above were:  
1. ‘iron and steel’ into ‘structural metal products’ (the 16th path); 
2. ‘sawmill products’ into ‘other wood products’ (28th); 
3. ‘basic non-ferrous metals and products’ into ‘other electrical equipment’ (30th); 
4. ‘plywood, veneer and fabricated wood’ into ‘other wood products’ (32nd); 
5. ‘iron and steel’ into ‘fabricated metal products’ (42nd); 
6. ‘iron and steel’ into ‘sheet metal products’ (68th); and 
7. ‘iron and steel’ into ‘other electrical equipment’ (133rd). 
Product quantities were not derived for any direct energy paths further upstream than 
stage 3 for the demonstration building. Many more product quantities could have been 
derived, but the level of detail achieved here was similar to other studies (such as those 
reviewed in chapter 2). Also, given that relatively less time was spent deriving direct 
energy intensities, further work on the derivation of product quantities was not justified. 
4.2.3. Derivation of direct energy intensities  
For one product, ‘clay bricks’ a direct energy intensity was derived from a 
manufacturer’s report on direct energy usage. National average energy usage data were 
also used, for eight selected sectors, to derive more reliable direct energy intensities 
than those given by the input-output model. 
A direct energy intensity for ‘clay bricks’ was derived using data from Wagner (1995). 
The component of the direct energy intensity comprising liquid fuels used in the 
manufacture of ‘clay bricks’ (listed in table 4.3) was translated into energy from 
physical terms using a rate of 0.034 GJ/litre (Bush et al, 1993). The three direct energy 
intensity components (‘kiln fuels’, ‘electricity’ and ‘liquid fuels’) were then converted 
to primary energy terms. A density figure was required for ‘clay bricks’ in table 4.3, 
because the Nubrick data was initially given in tonnes. The density figure related tonnes 
to square metres of brickwork, so that the direct energy intensity derived in table 4.3 
was in terms of energy per square metre of a single leaf of brickwork as m2 was the unit 
of measurement already used by Fay (1997) for this brickwork (appendix F). The direct 
energy intensity derived for ‘clay bricks’ therefore was 0.754 GJ/m2 of brickwork. 
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However, direct energy intensities for the other products in this path (‘tile, ceramic’ and 
‘vitreous china’, appendix F) remained as they were in the input-output model.  
Table 4.3 Direct energy intensity for clay bricks  
 
 
fuel type 
direct energy 
intensity (GJ/t) 
(Wagner, 1995) 
primary energy 
factor 
(table 3.3) 
density of clay 
bricks (t/m2) 
(trade literature) 
direct energy 
intensity 
(GJ/m2) 
kiln fuels 3.89 1.4 0.16 0.622 
electricity 0.029 3.4 0.16 0.099 
liquid fuels 0.147 1.4 0.16 0.033 
   total 0.754 
NB columns may not sum due to rounding 
National statistical data (classified as process analysis data in chapter 2) were also used 
for the derivation of direct energy intensities for eight selected sectors: 
1. ‘iron and steel’;  
2. ‘basic non-ferrous metals and products’;  
3. ‘road transport’;  
4. ‘rail, pipeline and other transport’;  
5. ‘water transport’;  
6. ‘air and space transport’;  
7. ‘other manufacturing’; and  
8. ‘water, sewerage, drainage and drainage services’. 
These sectors were selected because they were the only ones in the 25 sector groups 
which described a single non-energy sector (appendix A, as discussed in sub-
section 3.1.2). There were some minor sector classification discrepancies for the fourth, 
sixth and eighth of these selected sectors. However, the discrepancies in economic 
terms in each case represented less than 10% of the sector output (determined using data 
from Bush et al, 1993, and ABS, 1996a, table 2). 
In general terms, equation 4.7 summarises the operations required for the derivation of 
direct energy intensities using national statistical data for the eight selected sectors.  
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 (4.7) 
where n is the selected sector, and: 
εn  = the direct energy intensity of n, in primary energy terms (in GJ/$100); 
E  = is the number of energy supply sectors, e;  
DEen  = the direct input of each e into n (in PJ);  
PEFe = the primary energy factors; and 
$Een  = the direct purchases of each e by n (in $’000s). 
In detail, the method for the derivation of direct energy intensities from national 
statistical data for the eight selected sectors comprised: 
1. correlation of fuel types to energy supply sectors; 
2. determination of the primary energy consumed, by energy supply sector;  
3. division of total energy amount by total dollars paid. 
Firstly, the fuels types given by Bush et al (1993) had to be correlated to the four ASIC 
energy supply sectors (appendix G, table G1). For example, the ‘electricity supply’ 
sector was assumed to provide the following fuels:  
• ‘solar electricity’; 
• ‘electricity’; and 
• ‘thermal electricity’ (appendix G, table G1). 
Secondly, the quantity of primary energy directly consumed by each of the selected 
sectors was determined by summing the products of the quantities of delivered energy 
required from each of the energy supply sectors (Bush et al, 1993) by the appropriate 
primary energy factors (table 3.3). For example, the calculation of the primary energy 
consumed by ‘iron and steel’ is presented in table 4.4 by energy supply sector. These 
calculations are listed for the other eight selected sectors in appendix G, table G2.  
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Table 4.4 Primary energy consumed by ‘iron and steel’, by energy supply sector 
 
 
energy supply sector 
delivered energy (PJ) 
(Bush et al, 1993, table C1) 
(A) 
primary energy factors  
(table 3.3) 
(B) 
primary energy 
(PJ)
(A x B) 
coal, oil and gas  187.2 1.2 224.6 
petroleum, coal products  -21.9 1.4 -30.7 
electricity supply  15.3 3.4 52.0 
gas supply  25.2 1.4 35.3 
Source: appendix G, table G2, NB negative values indicate fuel production 
Thirdly, the sum of the primary energy provided by each of the energy supply sectors 
(from appendix G, table G2) was divided by the total supply from each energy supply 
sector to each of the selected sectors in economic terms (in $’000, ABS, 1996a, table 2). 
The derived direct energy intensities for the eight selected sectors by energy supply 
sector were then summed and adjusted for units (table 4.5).  
Table 4.5 Direct energy intensities derived for eight selected sectors  
 
 
 
selected sector  
primary 
energy (PJ) 
(table G2) 
(A) 
total supply (M$)  
(ABS, 1996a, table 2)  
 
(B) 
direct energy intensity 
(GJ/$100) 
 
(A / B x 100) 
‘iron and steel’ 281 9511 2.958 
‘basic non-ferrous metals and products’  585 10 965 5.333 
‘road transport’  1144 14 606 7.835 
‘rail, pipeline and other transport’ 59 4992 1.177 
‘water transport’ 69 4190 1.638 
‘air and space transport’ 192 11 496 1.672 
‘other manufacturing’  21 2726 0.775 
‘water supply; sewerage and drainage services’ 18 5223 0.337 
 
In table 4.6, the direct energy intensities derived using national statistical data for the 
eight selected sectors are compared to those derived initially in the input-output model. 
In several cases, the direct energy intensities increased or decreased by more than a 
factor of 2. For example, the ‘road transport’ sector direct energy intensity increased by 
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a factor of seven, due to the derivation of a special direct energy intensity using national 
statistical data, while the ‘water, sewerage, drainage and drainage services’ direct 
energy intensity decreased by a factor of three. Both the magnitude and direction of 
these discrepancies was expected, due to the large errors possible from the use of fixed 
energy tariffs in the input-output model (as noted, inter alia, by Miller and Blair, 1985; 
Worth, 1992; Tucker et al, 1994; Pullen, 1995).  
Table 4.6 Comparison between direct energy intensities derived for eight 
selected sectors using process analysis data and the input-output 
model  
 
 
selected sector  
input-output model 
(GJ/$100) (appendix B, 
table B1) (A) 
national statistical  
data (GJ/$100)  
(table 4.5) (B) 
comparison 
(%)
(B / A x 100) 
‘iron and steel’ 1.322 2.958 224 
‘basic non-ferrous metals and products’ 3.787 5.333 141 
‘road transport’ 1.171 7.835 669 
‘rail, pipeline and other transport’ 0.624 1.177 189 
‘water transport’ 0.848 1.638 193 
‘air and space transport’ 2.286 1.672 73 
‘other manufacturing’ 0.327 0.775 237 
‘water supply; sewerage and drainage services’ 1.040 0.337 32 
 
The direct energy intensities derived using national statistical data were used effectively 
as a partial variable tariff model in the input-output-based hybrid analysis of the 
demonstration building, at least for the direct energy paths in the top 592 that were 
modified using them. The integration of this and other process analysis data derived in 
this section for the demonstration building with the direct energy paths for ‘residential 
building construction’ is described in section 4.3. 
4.3. Input-output-based hybrid analysis of demonstration building    
In this section, the integration of the process analysis data described in section 4.2 for 
the individual residential building with the direct energy paths presented in chapter 3 for 
‘residential building construction’ is described.  
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Firstly, the total embodied energy for the demonstration building is derived using the 
total energy intensity of the Australian ‘residential building construction’ sector, to 
enable the calculation, by deduction, of the sum of the value of unmodified paths.  
Secondly, the modification of direct energy paths for ‘residential building construction’ 
using the process analysis data, derived in section 4.2 for the demonstration building, is 
described. The results of the integration of the process analysis data for the 
demonstration building with the direct energy paths for ‘residential building 
construction’ are presented for the three levels of complexity for which direct energy 
paths were presented in chapter 3:  
1. the top nine direct energy paths;  
2. the top 90 direct energy paths; and  
3. the top 592 direct energy paths, comprising for each level of complexity: 
• a list of paths for which product quantities were derived;  
• a list of paths for which only direct energy intensities were derived; and  
• a direct energy tree diagram.  
Thirdly, the modified direct energy paths are re-ranked relative to one another to enable 
investigation of whether the initial values and rankings gave a good indication of the 
modified values and rankings.  
Fourthly, the unmodified direct energy paths are re-integrated with the modified direct 
energy paths, to make the framework more comprehensive.  
Finally, the modified proportion is calculated for each of the three levels of complexity 
listed above. 
4.3.1. Total embodied energy of the demonstration building  
The total embodied energy was derived for the demonstration building to provide a 
context for the modification of direct energy paths. As stated in sub-section 4.1.2, the 
initial values of modified paths need to be subtracted from the total embodied energy 
for the individual product to give the sum of unmodified paths (which is then added to 
the sum of the new values of modified paths to make the framework more 
comprehensive).  
The total embodied energy is normally calculated by multiplying the total energy 
intensity for the sector in which the individual product is classified by the total price for 
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the individual product (see equation 4.6). However, the construction price of the 
demonstration building was not available (Fay, 1997).  
Since the national average case was being assumed for the quality of materials, finishes 
and fittings, rather than the actual slightly higher quality products (as discussed in sub-
section 4.2.1), an average price for that building type was used. An average price of 
797.5 $/m2 of building area was sourced for medium density, two storey, clay brick 
veneer town houses in Melbourne (appendix H, table H1). This price related to the same 
year as the input-output data and consequently the input-output data did not have to be 
corrected for the price discrepancy that may exist from year to year (Miller and Blair, 
1985).  
The total embodied energy for the demonstration building of 835 GJ was calculated by 
multiplying the total energy intensity for ‘residential building construction’ (of 
0.851 GJ/$100, appendix B, table B1, divided by 100 to correct for units) by the 
average price quoted above of 797.5 $/m2, and by the building area for the 
demonstration building of 123 m2. The total embodied energy can also be expressed as 
6.79 GJ/m2 of building area to enable comparison to previous results (in chapter 5). 
The total embodied energy for the demonstration building derived above is subject to 
many assumptions, including the use of a national average price for the building. 
However, the assumption that the product quantities and direct energy intensities 
inferred by the input-output model apply to this building is likely to be more significant, 
because of the relative importance of the indirect energy indicated by previous studies 
(as discussed in section 2.3).  
4.3.2. Modification of direct energy paths  
The modification of product quantities for direct energy paths is given in appendix H, 
table H2, by the products assigned to the direct energy paths listed in appendix F. While 
for some of these direct energy paths the direct energy intensities were also modified, 
paths with only modified direct energy intensities are discussed later in this sub-section 
(after table 4.7). 
The direct energy intensities used to calculate the direct energy for each product in the 
direct energy path are then listed (according to equations 4.1 and 4.2, depending upon 
whether the direct energy intensities were derived using process analysis or were left as 
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those given by the input-output model). If the direct energy intensities from the input-
output model were left in place, then the product prices in appendix H, table H1, were 
used to relate the energy intensities in economic units to physical units. For example, 
the direct energy intensity for ‘ceramic products’ was 4.49 GJ/$100 (appendix B, 
table B1). The price for the product ‘tiles, ceramic’ was 29 $/m2 (appendix H, table H1). 
Therefore, the direct energy intensity for ‘tiles, ceramic’ in physical terms was 
1.30 GJ/m2.  
Table 4.7 details the modification of product quantities for the ‘ceramic products’ path, 
including the result of the above example for the calculation of the direct energy 
intensity for the product ‘tiles, ceramic’. If the source for the direct energy intensities 
used in appendix H, table H2, was not the input-output model, then the source is noted 
at the end of the data for that direct energy path (as noted in table 4.7 for the ‘clay 
bricks’ product). The sources for the direct energy intensities were mainly national 
statistical data for the eight selected sectors, as noted in sub-section 4.2.3. 
Table 4.7 Modification of the ‘ceramic products’ direct energy path using 
process analysis data 
 
 
product  
unit measured quantity 
(appendix F) 
(A) 
direct energy intensity (GJ/unit) 
(appendix B, table B1, unless 
otherwise noted below) (B) 
direct energy (GJ) 
(A x B) 
clay bricks m2  352.1 0.754 266.50 
tiles, ceramic m2  12.8 1.303 16.74 
vitreous china kg 29.0 0.204 5.90 
source for ‘clay bricks’ direct energy intensity was Wagner 1995 (table 4.3)  
Source: appendix H, table H2 
The previous part of this sub-section dealt only with the direct energy paths with 
modified product quantities. In some cases, the direct energy intensities were also 
modified (for example, for the product ‘clay bricks’ in the ‘ceramic products’ path, 
table 4.7). Cases where only the direct energy intensities were modified are discussed 
below. 
Equation 4.3 gave the value of stage 1 paths with only modified direct energy 
intensities. The key feature of this equation was the second term: the ratio between the 
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direct energy intensities derived using process analysis and those given by the input-
output model. The third term in equation 4.3 converted the direct energy path from 
direct energy intensity terms for the ‘residential building construction’ sector to direct 
energy terms for the demonstration building. The three sets of data required by 
equation 4.3 were given by:  
• table 4.5 (direct energy intensities derived using national statistical data)  
• appendix B, table B1 (direct energy intensities given by the input-output model) 
• appendix H, table H1 (product prices).  
The 37 direct energy paths with only modified direct energy intensities relating to the 
‘iron and steel’ sector are given in appendix H, table H3. For example, the 487th path 
was ‘road transport’ into ‘motor vehicles and parts; other transport equipment’ into 
‘iron and steel’ (appendix H, table H2). The initial input-output value for this path in 
relation to the demonstration building was calculated to be 0.06 GJ (using the method 
described in sub-section 4.1.4 after equation 4.6). The new value, after modification, 
was 0.14 GJ, because the ratio between the initial direct energy intensity derived for this 
sector in the input-output model was 2.24 times smaller than that derived using process 
analysis (table 4.6).  
Table 4.8 summarises the rest of the paths related to the eight selected sectors for which 
only direct energy intensities were modified. For example, the net difference to the total 
embodied energy of the demonstration building resulting from the modification of paths 
with only modified direct energy intensities relating to ‘iron and steel’ was +17.61 GJ. 
The total net effect to the total embodied energy of the demonstration building resulting 
from the modification of paths with only modified direct energy intensities was 
+319.57 GJ. ‘Road transport’ changed so much because:  
• the input-output model was particularly inappropriate for modelling direct energy 
requirements for this sector (as shown in table 4.6); and  
• the sum of the initial input-output values of the paths related to ‘road transport’ in the 
top 592 was high compared to the other seven selected sectors. 
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Table 4.8 Summary of direct energy paths with only modified direct energy 
intensities 
 
 
selected sector  
number of 
related paths 
sum of initial 
input-output 
values (GJ) 
sum of 
modified 
values (GJ) 
net difference 
(GJ) 
‘iron and steel’  37 14.24 31.85 +17.61 
‘basic non-ferrous metals and products’  57 29.19 41.11 +11.92 
‘road transport’  36 51.21 342.61 +291.40 
‘rail, pipeline and other transport’ 4 0.68 1.28 +0.60 
‘water transport’  2 0.28 0.55 +0.27 
‘air and space transport’ 18 3.94 2.88 -1.06 
‘other manufacturing’ 1 0.08 0.49 +0.40 
‘water supply; sewerage and drainage 
services’ 
7 2.31 0.75 -1.57 
total 162 101.93 421.52 +319.57 
Source: appendix H, table H3, NB other paths relating to these sectors with modified product quantities 
are listed in appendix H, table H2 
The effect of the modification of both product quantities and direct energy intensities 
for the demonstration building described in this sub-section is presented in the 
following three sub-sections in terms of the three levels of complexity (identified in 
chapter 2 as being of interest in an input-output-based hybrid analysis). The paths at 
each level of complexity were selected because product quantities were available 
(provided by Fay, 1997), or because direct energy intensities were derived for the eight 
selected sectors using national statistical data (as discussed above).  
In order to redraw the direct energy trees for the demonstration building, a schedule of 
data was used (appendix H, table H4). For example, the schedule of data for redrawing 
direct energy trees for the top nine direct energy paths is given in table 4.9. After 
modification, the third direct energy path, ‘cement and lime’ into ‘concrete slurry’ (as 
listed in appendix E, table E1), was 3.81 times larger for the demonstration building 
than indicated by the initial input-output data. Since only the product quantity was 
modified, the number in the second last column of table 4.9 was ‘1’ and the last column 
was ‘2’. Another example, the direct energy of the construction of the demonstration 
building was the second ranked path. As neither the product quantity nor direct energy 
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intensity for this path was modified, the ratio of the modified value to the initial value 
was 1, and the numbers in the first and second columns was ‘2’. 
Table 4.9 Schedule of data used for the derivation of the direct energy tree 
diagram for the top nine direct energy paths  
 
rank 
ratio of modified to initial values 
(tables H2,3 / table E1) 
product quantity (modified = 1, 
unmodified = 2) 
direct energy (modified = 1, 
unmodified = 2) 
1 1.7011 1 1 
2 1.0000 2 2 
3 3.8095 1 2 
4 6.6901 2 1 
5 1.0000 2 2 
6 1.6424 1 2 
7 1.0000 2 2 
8 1.7932 1 1 
9 1.0000 2 2 
Source: appendix H, table H4 
Modified paths in the top nine  
Table 4.10 lists the four paths in the top nine with modified product quantities. These 
paths were selected because product quantities had been derived using process analysis 
by Fay (1997). The initial ranking of each direct energy path is listed first, then the 
original input-output value (derived using the method described in sub-section 4.1.4 
after equation 4.6), and finally the modified value (derived using the method described 
in sub-section 4.3.2). Direct energy intensities were modified for two of the paths listed 
in table 4.10: ‘ceramic products’; and ‘iron and steel’ (as discussed in the previous sub-
section).  
The direct energy values of the four paths listed in table 4.10 increased, on average, by 
201% from the initial input-output values, due to their modification. The largest 
individual increase was for the third path, ‘cement and lime’ into ‘concrete slurry’ 
(381%). 
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Table 4.10 Direct energy paths in the top nine with modified product quantities  
direct energy path rank input-output value  (GJ) modified value (GJ) 
‘ceramic products’  1 169.4 288.1 
‘cement and lime’ into ‘concrete 
slurry’  
3 36.9 140.5 
‘plaster and other concrete products’  6 25.3 41.6 
‘iron and steel’  8 21.5 38.5 
 total 253.1 508.7 
Source: appendix H, table H2, NB columns may not sum due to rounding  
Table 4.11 lists the single path in the top nine for which only the direct energy intensity 
was modified: the direct input of ‘road transport’ into the demonstration building. This 
path was selected from the top nine because it was the only one which related to any of 
the eight selected sectors for which direct energy intensities were derived using national 
statistical data, and which also did not have a modified product quantity. This path’s 
value increased by 669%, due to its modification, which equalled the ratio between the 
direct energy intensity derived initially for the ‘road transport’ sector using the input-
output model and the direct energy intensity derived for ‘road transport’ using national 
statistical data (because of the equation used to derived its modified value, discussed in 
the previous sub-section).  
Table 4.11 The single direct energy path in the top nine with only the direct 
energy intensity modified  
path input-output value (GJ) modified value (GJ) 
‘road transport’ 28.46 190.4 
Source: appendix H, table H3 
Figure 4.3 shows the direct energy tree for the top nine direct energy paths, with direct 
energy values changed to reflect the modification of the selected direct energy paths in 
the top nine listed in tables 4.10 and 4.11. However, a more complex graphical language 
was needed than used in chapter 3. Tracer lines and value lines for modified paths are 
shown with different colours in figure 4.3, depending upon which path components, if 
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any (ie, either the product quantity or direct energy intensity), were modified (see 
legend to figure 4.3).  
It can be seen from figure 4.3, in relation to the direct energy tree diagram for 
‘residential building construction’ (figure 3.12), that some of the modified direct energy 
paths increased markedly in value, since the direct energy values are expressed as a 
percentage of the initial total embodied energy calculated for the demonstration 
building in sub-section 4.3.1 of 835 GJ (ie, the value line for an unmodified direct 
energy path would appear the same height in both direct energy trees).  
The four modified paths in the top nine appeared in two of the eight large sector groups 
in figure 4.3:  
• ‘other manufacturing’; and 
• ‘transport and communication’.  
The direct energy tree diagram for the modified paths in the top nine was redrawn 
schematically, with annotated direct energy values for the modified paths (figure 4.4). 
The indirect energy values of the paths were not shown, to improve clarity. The paths 
were ordered from top to bottom in the same order as they were plotted in the direct 
energy tree (ie, from left to right across the horizontal x-axis in figure 4.3).  
Figure 4.4 explains the construction of the direct energy tree in figure 4.3. In addition, 
the effect of the data used in table 4.9 for the modification of the direct energy tree 
diagram for the top nine paths for the demonstration building can be seen more clearly 
than in figure 4.3 (ie, whether the product quantities or direct energy intensities were 
modified or not, as indicated by the graphical language (see figure 4.2 and the legend to 
figure 4.4), can be compared with the last two columns of table 4.9). Schematic direct 
energy trees, such as the one presented in figure 4.4, were not drawn for models of 
higher complexity, because they became very complex. However, the direct energy 
trees, such as the one presented in figure 4.3, are a better method of representing the 
more complex models (ie, the top 90 paths and the top 592 paths) because the 
exponential nature of the problem at upstream stages is aggregated, to some degree (as 
discussed in the text accompanying figure 2.7 in section 2.2 and figure 2.10 in sub-
section 2.3.2). 
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Figure 4.3 Direct energy tree diagram for the top nine direct energy paths, 
demonstration building 
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Figure 4.4 Schematic of the direct energy tree diagram for top nine direct energy 
paths, demonstration building 
Modified paths in the top 90  
Table 4.12 lists the 18 paths which were ranked between 10 and 90 and which had 
modified product quantities. Many of these paths were selected because product 
quantities had already been derived by Fay (1997, as listed in appendix F). Others were 
selected because they were easily derived from the data already collected (as discussed 
in sub-section 4.2.2). Direct energy intensities were also modified for two groups of 
paths listed in table 4.12 (ie, also with modified product quantities):  
• three involving ‘iron and steel’ (ranked 16th, 42nd and 68th); and  
• two involving ‘basic non-ferrous metals and products’ (ranked 19th and 30th).  
The direct energy intensities derived for these two sectors were presented in table 4.5. 
These five paths were selected from those ranked between 10 and 90 because they were 
the only paths relating to any of the eight selected sectors (listed in table 4.5, for which 
direct energy intensities were derived using process analysis) and which also had 
modified product quantities (otherwise they would not have qualified to be listed in 
table 4.12).  
Due to the modification of the paths listed in table 4.12, the sum of their direct energy 
values increased from the previous total for these paths by 634%. The largest individual 
increase was for the 50th path, ‘glass and glass products’  (3040%). The increases for the 
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paths ranked between 10 and 90 with modified product quantities (table 4.12) were 
larger, on average, than those ranked in the top nine with modified product quantities 
(table 4.10). 
Table 4.12 Direct energy paths ranked between 10 and 90 with modified product 
quantities 
 
direct energy path 
ran
k 
input-output 
value  (GJ) 
modified 
value (GJ) 
‘sawmill products’  10 9.4 31.5 
‘other non-metallic mineral products’  11 8.9 39.6 
‘iron and steel’ into ‘structural metal products’  16 5.7 51.1 
‘basic non-ferrous metals and products’  19 5.2 79.0 
‘concrete slurry’  21 4.8 6.0 
‘sawmill products’ into ‘other wood products’  28 2.7 5.5 
‘basic non-ferrous metals and prods’ into ‘other electrical equip’  30 2.6 4.7 
‘plywood, veneer and fabricated wood’ into ‘other wood prods’  32 2.6 11.2 
‘paints’  34 2.4 2.8 
‘other basic chemicals’  35 2.3 8.8 
‘other mining’  37 2.2 6.7 
‘household appliances’  39 2.1 15.3 
‘plywood, veneer and fabricated wood’  40 2.0 25.1 
‘iron and steel’ into ‘fabricated metal products’  42 1.8 5.4 
‘glass and glass products’  50 1.6 48.6 
‘banking’ 52 1.4 7.5 
‘plastic products’  64 1.1 15.7 
‘iron and steel’ into ‘sheet metal products’  68 1.0 14.4 
 total 59.8 378.9 
Source:  appendix H, table H2, NB columns may not sum due to rounding, some sector names are 
abbreviated 
Table 4.13 summarises the 27 paths ranked between 10 and 90 with only modified 
direct energy intensities. The paths related to five of the eight selected sectors for which 
direct energy intensities were derived using national statistical data. For example, all the 
paths for which the direct energy of ‘iron and steel’ was used are listed under ‘iron and 
steel’ in appendix H, table H3. Few of the paths summarised in table 4.13 were from 
stage 3, and none were from stage 4 or higher, but many were from stage 1 and stage 2 
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(appendix H, table H3). The direct energy values of the paths summarised in table 4.13 
increased on average by 317%. The largest increase for the group of paths related to a 
sector was for the ‘road transport’ sector (table 4.13), because of the increase in the 
direct energy intensity derived for ‘road transport’ using national statistical data 
compared to that given by the input-output model (table 4.6). 
Table 4.13 Direct energy paths ranked between 10 and 90 with only modified 
direct energy intensities  
related sector input-output value  (GJ) modified value (GJ) number of paths 
iron and steel          9.56       21.40  6 
basic non-ferrous metal          21.29       29.99  10 
road transport         17.75     118.75  5 
air transport          1.63         1.19  2 
water, sewerage, drainage          1.95         0.63  2 
total 54.20 172.00 27 
Source: appendix H, table H3, NB columns may not sum due to rounding 
Figure 4.5 shows the direct energy tree for paths in the top 90 with modified values (ie, 
including those in the top nine). The modified paths in the top 90 appeared across four 
of the eight large sector groups:  
• ‘primary products’;  
• ‘other manufacturing’;  
• ‘capital equipment and construction’; and  
• ‘transport and communication’. 
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Figure 4.5 Direct energy tree diagram for the top 90 direct energy paths, 
demonstration building  
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Modified paths in the top 592  
Table 4.14 lists the three paths ranked between 91 and 592 with modified product 
quantities. Both the direct energy intensity and product quantity were modified for only 
one of these three direct energy paths: ‘iron and steel’ into ‘other electrical equipment’. 
This path was selected from those ranked between 91 and 592 with modified product 
quantities because it was the only one listed in table 4.5 (ie, for which direct energy 
intensities were derived) which related to any of the eight selected sectors. Only the 
product quantities were modified for the other two paths listed in table 4.14.  
Due to the modification of the paths listed in table 4.14, the path values increased on 
average by 4240%. The smallest increase was for the ‘iron and steel’ into ‘other 
electrical equipment’ path (175%). The larger increases for the second two paths listed 
in table 4.14 are discussed individually in chapter 5.  
Table 4.14 Direct energy paths ranked between 91 and 592 with modified product 
quantities 
direct energy paths  rank input-output value (GJ) modified value (GJ) 
‘iron and steel’ into ‘other elec equ’  133 0.4 0.7 
‘textiles’ 136 0.4 23.7 
‘furniture’ 372 0.1 9.6 
 total 0.8 33.9 
Source: appendix H, table H2, NB columns may not sum due to rounding, some sectors are abbreviated 
Table 4.15 summarises the 136 paths ranked between 91 and 592 with only modified 
direct energy intensities. These paths were selected from those ranked between 91 and 
592 because they were the only ones which related to any of the eight selected sectors 
for which direct energy intensities were derived. The paths listed in table 4.15 increased 
on average by 277%, due to their modification. 
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Table 4.15 Summary of direct energy paths ranked between 91 and 592 with only 
modified direct energy intensities 
related sector input-output value (GJ) modified value (GJ) number of paths 
iron and steel 4.67 10.45  31 
basic non-ferrous metal and products 7.89 11.12  47 
road transport 5.00 33.43  30 
rail, pipeline and other transport 0.68 1.28 4 
water transport 0.28 0.55 2 
air and space transport 2.31 1.69  16 
other manufacturing 0.08 0.49 1 
water, sewerage, drainage 0.36 0.12  5 
total 21.30 59.10 136 
Source: appendix H, table H3, NB columns may not sum due to rounding 
Figure 4.6 shows the direct energy tree for paths in the top 592 (ie, including those in 
the top nine and top 90). The modified paths were located in six of the eight large sector 
groups:  
• ‘primary products’;  
• ‘textiles’ 
• ‘other manufacturing’;  
• ‘capital equipment and construction’;  
• ‘transport and communication’; and 
• ‘finance and other services’. 
Perhaps more significantly, the unmodified paths in the top 592 (ie, including those in 
the top nine and top 90) were located in only two of the eight large sector groups:  
• ‘food and drink’; and 
• ‘trade and repairs’. 
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Figure 4.6 Direct energy tree diagram for the top 592 direct energy paths, 
demonstration building 
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4.3.3. Re-ranking of modified paths  
The paths for which product quantities were modified  for the top nine, the top 90, and 
the top 592 paths (listed in tables 4.10, 4.12 and 4.14, respectively) were re-ranked 
relative to one another (ie, excluding the rankings of unmodified paths and those with 
only modified direct energy intensities). The paths with only modified direct energy 
intensities (listed in tables 4.11, 4.13 and 4.15) were ignored in the re-ranking process 
because effectively they comprised a selective application of variable energy tariffs to 
the input-output model for the demonstration building (discussed further in chapter 5). 
The intended purpose of the re-ranking was to determine whether the initial rankings 
gave a good indication of the relative importance of the paths for which product 
quantities were derived using process analysis.  
Table 4.16 gives the initial input-output and modified values, and the old and new 
relative rankings, for paths with modified product quantities. All were found to have 
increased. In some cases, the modified direct energy path values increased significantly 
from the original input-output values. However, the value and rankings of some direct 
energy paths appeared to change little—this point is crucial because it indicates the 
value of the paths as a basis for hybrid analysis, and hence the viability of the new 
input-output-based hybrid analysis method (discussed below, firstly for the data as 
tabulated in table 4.16, and secondly using scatter plots derived from these data). 
The first two direct energy paths in table 4.16 did not change position, and the sixth 
path moved only one place to seventh, indicating that the input-output model was a 
good predictor of the relative importance of these paths, yet their direct energy values 
increased by an average of 218%.  
However, other paths did not change much in direct energy value, indicating that the 
input-output model was a good predictor of the value of these paths. However, they 
sometimes shifted in the relative rankings due to larger changes in direct energy value 
for other paths. For example, the ninth path, ‘concrete slurry’, fell in relative ranking to 
the twentieth position, even though its value increased by 25%. This path dropped so 
many places because an increase of 25% was well below the average increase for all 
paths with modified product quantities (294%, determined by dividing the sum of 
modified path values for which product quantities were derived by the input-output 
values for the same paths, from table 4.16).  
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Table 4.16 Old and new relative rankings for direct energy paths with modified 
product quantities 
 
direct energy paths  
input-output 
value  (GJ) 
modified 
value (GJ) 
old 
ranking 
new 
ranking 
‘ceramic products’  169.4 288.1 1 1 
‘cement and lime’ into ‘concrete slurry’  36.9 140.5 2 2 
‘plaster and other concrete products’  25.3 41.6 3 6 
‘iron and steel’  21.5 38.5 4 8 
‘sawmill products’  9.4 31.5 5 9 
‘other non-metallic mineral products’  8.9 39.6 6 7 
‘iron and steel’ into ‘structural metal prods’  5.7 51.1 7 4 
‘basic non-ferrous metals and products’  5.2 79.0 8 3 
‘concrete slurry’  4.8 6.0 9 20 
‘sawmill products’ into ‘other wood products’ 2.7 5.5 10 21 
‘basic non-fe met & prod’ into ‘oth elec equ’  2.6 4.7 11 23 
‘ply, ven and fab wood’ into ‘oth wood prod’  2.6 11.2 12 15 
‘paints’  2.4 2.8 13 24 
‘other basic chemicals’  2.3 8.8 14 17 
‘other mining’  2.2 6.7 15 19 
‘household appliances’  2.1 15.3 16 13 
‘plywood, veneer and fabricated wood’  2.0 25.1 17 10 
‘iron and steel’ into ‘fab metal products’  1.8 5.4 18 22 
‘glass and glass products’  1.6 48.6 19 5 
‘banking’ 1.4 7.5 20 18 
‘plastic products’  1.1 15.7 21 12 
‘iron and steel’ into ‘sheet metal products’  1.0 14.4 22 14 
‘iron and steel’ into ‘other elec equipment’  0.4 0.7 23 25 
‘textile products’ 0.4 23.7 24 11 
‘furniture’ 0.1 9.6 25 16 
Source: tables 4.10, 4.12 and 4.14, NB some sector names have been abbreviated 
The first eight paths retained approximately the same rankings, none shifting by more 
than five places (which initially seems like a large shift). However, the next three paths 
in the old relative rankings (the 9th, 10th, and 11th) each dropped more than 10 places in 
the new relative rankings (which makes shifts of less than five places appear moderate). 
As with the ninth path, these three paths all increased significantly in absolute value (by 
125%, 203% and 181%, respectively).  
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In summary, table 4.16 appears to show, for some direct energy paths, that the input-
output model was a good predictor of the modified rankings and values. However, the 
scatter plots of the data, presented in figures 4.7 and 4.8, give a different view.  
Figure 4.7 demonstrates a weak correlation between the initial and modified values, 
because of the spread of the values and because they all increased in value. However, if 
the direct energy values for the paths in table 4.16 are sufficiently separated, then one 
would expect the initial relative rankings to be a good indicator of the modified relative 
rankings (analysed in the following paragraph). If this were proven so, then the input-
output model could be considered a good predictor of the relative importance of paths 
for which process analysis data is normally collected.  
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Source: table 4.16, NB both the horizontal and vertical scales are logarithmic 
Figure 4.7 Comparison between initial and modified values for direct energy 
paths with modified product quantities, demonstration building  
However, figure 4.8 shows that there is no correlation, overall, between the initial and 
modified rankings (ie, even though for some paths there was a correlation, as discussed 
above in the text accompanying table 4.16). The changes in path values due to the 
modification process had large effects on the relative rankings because the values were 
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework   
Chapter 4: Input-output-based hybrid analysis    page 132 
not sufficiently separated. Consequently, the input-output model for ‘residential 
building construction’ represented a poor prediction of the relative importance of the 
paths with modified product quantities for the demonstration building.  
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Source: table 4.16 
Figure 4.8 Comparison between initial and modified relative rankings for direct 
energy paths with modified product quantities, demonstration 
building  
Normally, it would be expected that the substitution of case specific data into a national 
average model would result in a mix of both positive and negative modifications. 
However, it was shown in figure 4.8 that all the modified values for paths with modified 
product quantities increased in value. Therefore, the addition of the unmodified paths to 
make the framework more comprehensive is likely to be conservative, though further 
investigation is required.  
In summary, it has been shown that the direct energy paths for ‘residential building 
construction’ represented a poor model overall for the values and relative importance of 
paths with modified product quantities for the demonstration building. This is an 
important finding, because it suggests that the main principle of the new input-output-
based hybrid analysis method, that the modification of direct energy paths with process 
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analysis data should be based on the relative importance of the direct energy paths, may 
be subject to the errors in the input-output model. However, there is no other 
comprehensive framework for embodied energy analysis that can be used either: 
• to suggest important processes to which direct process analysis efforts should be 
directed (discussed further in chapter 5); or  
• for hybrid analysis, such that the unmodified paths are added to the modified paths to 
make the framework more comprehensive.  
Therefore, the input-output model must be used, especially to identify the approximate 
importance of the types of processes normally excluded in a process analysis or 
process-based hybrid analysis. Furthermore, because of the complexity of the input-
output model for many sectors (shown in sub-section 3.4.2), many direct energy paths 
will not be able to be modified. Therefore, the sum of the values for unmodified paths 
should be added to the values for modified paths to make the framework more 
comprehensive. The only source for the values of unmodified paths is the input-output 
model. 
4.3.4. Unmodified direct energy paths 
The unmodified paths are required to be analysed in the demonstration of the new input-
output-based hybrid analysis method for two reasons: 
1. to see if any potentially important paths have been missed; and 
2. to add to the sum of the values of modified paths to make the framework more 
comprehensive. 
The unmodified paths in the top 90 are listed in appendix H, table H5. The unmodified 
paths ranked higher than this can be derived by comparing those listed in appendix E, 
table E1, and appendix H, tables H2 and H3. The potential for the investigation of the 
seventh path, ‘other property services’, is largely unknown at this time, and is discussed 
further in chapter 5, along with the potential for the modification of currently 
unmodified paths ranked between 10 and 592 for the demonstration building. 
The unmodified paths in the top nine were indicated by figure 4.4, and are listed in 
table 4.17. The direct energy of the construction process is currently not investigated in 
most embodied energy analyses of buildings (section 2.1). However, this data indicates 
that the direct energy of construction may be worth investing considerable time and 
effort, as it comprised 17% of the initial total energy intensity derived for ‘residential 
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building construction’ (chapter 3) and 8.1% of the total embodied energy derived in this 
chapter for the demonstration building (derived in table 18 below). The difference 
between the initial case and the case for the demonstration building was due to the 
general increases in direct energy path values due to the incorporation of process 
analysis data for the demonstration building (since the direct energy was not altered). 
The derivation of a direct energy intensity for ‘cement and lime’ may have significant 
impacts on several direct energy paths, as discussed in the text accompanying table 3.4. 
However, in this case, the direct energy intensity for ‘cement and lime’ products used 
by ‘plaster and other concrete products’ may be different to that for ‘cement and lime’ 
used by ‘concrete slurry’, or indeed to that used directly by ‘residential building 
construction’ (the 9th path).  
Table 4.17 Unmodified direct energy paths in the top nine 
direct energy value (GJ) stage 1 stage 2 rank 
142.00 direct energy (stage 0)  2 
028.40 plaster and other concrete products cement and lime 5 
024.40 other property services  7 
009.40 cement and lime  9 
Source: appendix H, table H5 
The sum of unmodified direct energy paths was determined by subtracting the initial 
input-output values for the modified direct energy paths from the initial total embodied 
energy for the demonstration building (as discussed in sub-section 4.1.4). The sum of 
the unmodified paths was then added to the sum of the modified direct energy path 
values to make the framework more comprehensive of the input-output-based hybrid 
analysis of the demonstration building. 
In table 4.18, the sums of the unmodified paths are calculated for each of the three 
levels of complexity: the top nine, top 90 and the top 592 paths. The new totals for the 
demonstration building are also calculated, for each of the three levels of complexity, 
required for the calculation of the modified proportion for each level of complexity. In 
each case, the figures are cumulative. 
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Table 4.18 Cumulative total embodied energy derived for the demonstration 
building, by level of complexity 
 
 
top nine paths 
(GJ) 
top 90 paths 
(GJ)  
top 592 paths 
(GJ) 
sum of initial input-output values for 
modified paths (sub-section 4.3.2) 
(A) 
282 394 416 
sum of unmodified path values  
(total embodied energy of 835 GJ minus A) 
(B) 
553 441 419 
sum of modified path values  
(sub-section 4.3.2) 
(C) 
699 1250 1343 
total embodied energy (B plus C) 
(D) 
1252 1691 1762 
NB in each case, the figures are cumulative, such that, for example, the total embodied energy for the 
top 90 paths includes the top nine paths. The total embodied energy for the demonstration 
building of 835 GJ, used in calculation B, was derived in sub-section 4.3.1 
In summary, the sum of the initial input-output values of the modified paths (419 GJ) 
represented only 49.8% of the initial input-output derived total embodied energy for the 
demonstration building (835 GJ). Therefore, less than half of the input-output model 
derived for the demonstration building was modified using either product quantities or 
direct energy intensities derived using process analysis. On the other hand, the sum of 
the modified values for the modified paths (1343 GJ) represented 76.2% of the new 
total embodied energy for the demonstration building (1762 GJ) . However, this is not 
the ‘modified proportion’, as defined in section 4.1.3). 
Many of the unmodified paths in the top 90 involved inputs of services (for example, 
‘legal, accounting, marketing and business management services’), incidental items (for 
example, ‘accommodation, cafes and restaurants’) and processes which involved the 
transformation of basic materials into more complex components (for example, ‘other 
wood products’, appendix H, table H5). These types of processes are commonly 
neglected in previous process analysis or process-based hybrid analysis methods 
(discussed in chapter 2).  
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The sums of the unmodified paths represented in each case of increasing complexity, in 
cumulative terms, 44.2%, 26.1% and ultimately 31.2% of the derived total energy 
intensity for ‘residential building construction’ (table 4.18). The proportion decreased, 
then increased because in each case the total embodied energy derived at that point was 
used to calculate the modified proportion (ie, 1252, 1691 and 1762 GJ). 
Many opportunities must exist for the derivation of non-standard process analysis data 
to increase the reliability of the input-output-based hybrid analysis of the demonstration 
building, as indicated by the proportion of the total embodied energy represented by 
unmodified direct energy paths. However, these proportions do not correctly represent 
the modified proportion, as defined in sub-section 4.1.3.  
4.3.5. Calculation of the modified proportion  
The proportion of the total embodied energy comprising the direct energy value of 
modified paths calculated in the previous sub-section cannot be used to quantify the 
benefit of the integration of process analysis data with the direct energy paths (ie, the 
modified proportion). This is because in some cases only the product quantity was 
modified, and in other cases only the direct energy intensity was modified. Instead, a 
weighted value is required which takes into account the possible combinations of 
modified product quantities and direct energy intensities indicated by figure 4.2. 
The modified proportion was calculated using the method described in sub-section 4.1.3 
(specifically, in equations 4.4 and 4.5). In summary, each direct energy path comprised 
a product quantity and a direct energy intensity. Each of these components was 
considered to be of equal sensitivity to the result (because if either is increased by 10%, 
the result for that path increases by 10%, assuming neither is zero). Therefore the 
weighting used for each component was 50%. If both the product quantity and direct 
energy intensity were modified for a path, then the weighting used was 100% of the 
direct energy value of the path.  
The modified proportion for each level of complexity was calculated by summing the 
paths for which only the product quantity or direct energy intensity were derived in each 
of the ranges ‘1 to 9’, ‘10 to 90’ and ‘91 to 592’. If both numbers were ‘1’ in the last 
two columns of appendix H, table H4, then 100% of the path value was counted. If one 
of the numbers was ‘1’ and the other was ‘2’ in the last two columns of appendix H, 
table H4, then 50% of the path value was counted (no matter which order, ie, whether it 
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was the product quantity or the direct energy intensity than was modified). If neither 
number was ‘1’ in the last two columns of appendix H, table H4, then none of the path 
value was counted in the modified proportion.  
For example, the data in tables 4.7, 4.9, 4.10 and 4.11 are used below in table 4.19 to 
calculate the modified proportion for the top nine direct energy paths for the 
demonstration building. The total effect of the modification of paths in the top nine on 
the modified proportion was 28.5%.  
The method described above differed only for the ‘ceramic products’ path, which was 
the only path which comprised a mix of two of the three possible direct energy path 
combinations. Both the product quantity and direct energy intensity were modified only 
for the ‘clay bricks’ component, hence a weighting of 100% was used for this 
component. However, only the product quantities were modified for the other two 
components, ‘tiles, ceramic’ and ‘vitreous china’ (table 4.7), hence weightings of 50% 
were used in these cases.  
If direct energy intensities for the other two components of the ‘ceramic products’ path 
were derived, the effect on the modified proportion would be only 0.62% (derived using 
the data in table 4.7 and the method described above for the calculation of the modified 
proportion). This represents approximately half the effect on the modified proportion 
that would result from the derivation of a direct energy intensity for ‘plasterboard’ 
(since ‘plasterboard’ wholly comprised the sixth direct energy path, ‘plaster and other 
concrete products’ into the demonstration building, appendix H, table H2). It would 
therefore be more beneficial to derive a direct energy intensity for ‘plasterboard’ than it 
would be to derive direct energy intensities for both the products ‘tiles, ceramic’ and 
‘vitreous china’. 
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Table 4.19 The modified proportion for the top nine direct energy paths 
rank code weighting 
(A)  
modified 
value (GJ) (B) 
weighted value 
(GJ) (A x B) = (C) 
component of modified proportion 
(%) (C / 1762 GJ) 
1 1* 96% 288.0 277.0 15.7 
2 4 0% 142.0 -.0 -.0 
3 2 50% 141.0 70.3 4.0 
4 3 50% 190.0 95.2 5.4 
5 4 0% 28.4 -.0 -.0 
6 2 50% 41.6 20.8 1.2 
7 4 0% 24.4 -.0 -.0 
8 1 100% 38.5 38.5 2.2 
9 4 0% 9.4 -.0 -.0 
  total 903.3 501.8 28.5 
Source:  tables 4.7, 4.9, 4.10 and 4.11, NB values may not calculate due to rounding 
Code: 1  100%, both product quantity and direct energy intensity modified;  
2 50%, only product quantity modified; 
3 50%, only direct energy intensity modified; 
4 0%, neither product quantity nor direct energy intensity modified (ie, unmodified). 
* part of this path was a ‘2’ weighting, see text accompanying table 4.7 
Table 4.20 summarises the modified proportions calculated for the three levels of 
complexity identified in chapter 2 as being of interest in an input-output-based hybrid 
analysis. While the method used in table 4.19 for the top nine paths was also used for 
the top 90 and 592 paths, these calculations were considered too complex to present and 
analyse here as they were above for table 4.19. The summary results in table 4.20 are 
given cumulatively across the rows, as in table 4.18.  
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Table 4.20  Cumulative modified proportions derived for the demonstration 
building, by level of complexity 
 
  
top nine 
paths (GJ) 
top 90 
paths (GJ) 
top 592 paths 
(GJ) 
sum of paths with only modified product quantities  
(from appendix H, tables H2, H4) (A) 
182 406 464 
sum of paths with modified direct energy intensities only 
(from appendix H, tables H2, H3, and H4) (B) 
190 362 396 
sum of paths with both components modified (C) 327 482 483 
sum of modified components (ie, including weightings)  
((A + B) x 50% + C x 100%) = (D) 
513 866 913 
total embodied energy for level of complexity  
(D from table 4.18) = (E)  
1252 1691 1762 
modified proportion (D / E) (F) 40.05% 50.51% 51.14% 
NB columns may not calculate due to rounding, values are cumulative across rows  
The modification of paths in the top nine increased the modified proportion from zero to 
40.1%. This value differed from that derived in table 4.19 for the modified proportion 
for the top nine direct energy paths because, in that case, the modified proportion was 
calculated using the total embodied energy calculated using the top 592 model (ie, so 
that the proportions modified by each of the top nine direct energy paths could be 
compared to the new total for the complete analysis). The modification of paths ranked 
between nine and 90 increased the modified proportion by a further 10.5% (in 
table 4.20, ie, in this case, using the total embodied energy for the top 90 paths of 
1691 GJ). The modification of paths ranked between 91 and 592 increased the modified 
proportion by less than 1% (in table 4.20, ie, in this case, using the total embodied 
energy for the top 592 paths of 1762 GJ).  
It may be concluded, based on the above results for the modified proportions calculated 
for each level of complexity, that it may be more worthwhile to spend time modifying 
further paths in the top nine and the top 90 than to begin modifying further paths in the 
top 592. An exception might be where a path initially ranked higher than 91 may be 
considered more important than indicated by the direct energy paths (even in the 
context of previous embodied energy analysis paradigms).  
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In summary, table 4.20 showed that the cumulative modified proportions increased 
more gradually as the level of complexity was raised. However, this was due to the 
allocation of product quantities derived by Fay (1997) for the demonstration building to 
direct energy paths (appendix F) rather than a feature of the complexity of the model.  
The sum of the initial values of modified paths represented 49.8% of the initial total 
embodied energy calculated for the demonstration building (sub-section 4.3.4). 
However, the modified proportion calculated in this sub-section for the input-output-
based hybrid analysis of the demonstration building was 51.14%. The correlation 
between these two figures is coincidental, and was dependent on:  
• the proportion of modified paths comprising only one modified component (ie, either 
the product quantity or the direct energy intensity); and  
• whether the modifications resulted in an increase or a decrease in each case.  
4.4. Summary 
The new input-output-based hybrid analysis method suggested in chapter 2 was further 
developed and demonstrated for an individual residential building. It was found that 
approximately 51% of the total embodied energy for the building was modified using an 
amount of process analysis data typically collected in detailed process-based hybrid 
analyses of buildings.  
However, this finding does not imply that the first half of the result is reliable, due to 
errors associated with both the process analysis data used, but it instead indicates that 
the other half of the result is unreliable, to an indeterminate degree, due to the errors 
inherent to the input-output model. Therefore, the second hypothesis, that “the 
modification of 90% of the total embodied energy of an individual product with process 
analysis data is possible, leaving only 10% of the model as input-output data for the 
sector that produces the product”, has been disproved in this case.  
The potential for increasing the modified proportion, and hence the reliability, of the 
input-output-based hybrid analysis of the demonstration building is discussed in 
chapter 5, along with the potential for the application of the method to other products.  
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5. Discussion 
Chapters 3 and 4 reported the methods and results for the two major research tasks 
comprising this project. In the first, direct energy paths were shown to comprise 
mutually exclusive components of the comprehensive input-output framework. 
Therefore, the first hypothesis was strongly supported. A new input-output-based hybrid 
analysis method, based on the direct energy paths for ‘residential building construction’, 
was demonstrated in the second for an individual residential building. However, only 
51% of the total embodied energy comprised the integrated process analysis data. Thus, 
the second hypothesis appeared to be disproved. 
The aim of this chapter is to determine the degree to which the hypotheses were 
supported or otherwise by the research reported in chapters 3 and 4.  
While the first hypothesis was strongly supported, the degree to which the second 
hypothesis was disproved depends partly on the quality of the direct energy paths upon 
which the input-output-based hybrid analysis of the demonstration building was based. 
Therefore, the input-output model is firstly examined, to determine whether it was of 
sufficient reliability for the extraction of direct energy paths. Whether direct energy 
paths are an appropriate basis for hybrid analysis is then discussed, followed by an 
analysis of the data used for the input-output-based hybrid analysis of the demonstration 
building. Finally, further research is discussed.  
5.1. Input-output model 
The input-output model derived in chapter 3 involved the integration of: 
1. the direct input-output matrix; 
2. the set of fixed energy tariffs; and 
3. the set of primary energy factors. 
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The construction of the input-output model used in chapter 3 is then compared to a 
previous input-output model structure, to demonstrate why the model structure used in 
chapter 3 was preferred.  
5.1.1. Input-output tables  
The Australian input-output tables are produced every three years by the Australian 
Bureau of Statistics, along with other national accounts (Barbetti and Joice, 1996). 
Input-output tables for the financial year 1992-93 were used here. However, the 
demonstration building was constructed in 1996-97 (Fay, 1997). Implicitly, it was thus 
assumed that the products used in the demonstration building had the same energy 
intensities as the 1992-3 input-output model. This assumption had little effect on the 
application of the new input-output-based hybrid analysis method to an individual 
residential building in chapter 4, because the direct energy paths for which process 
analysis data were not derived would not have been able to be included if the input-
output data for 1992-93 was not used. However, even if the project was delayed until 
the 1996-97 input-output tables were available (likely to be around the year 2000), the 
input-output data would still be almost equally unreliable, due to other inherent errors. 
The direct input-output matrix was modified to exclude the energy embodied in energy 
supply sector products, thus removing double counting of feedstock fuels. Both the data 
used, and the operations required, for the construction of the input-output model 
introduced errors, many of which have untraceable indirect effects (due to their 
complexity, as discussed in section 2.2.3). However, several alternatives, having fewer 
inherent errors, exist for input-output matrices:  
• energy input-output tables; 
• physical input-output tables; and  
• highly disaggregated input-output tables. 
In an energy input-output matrix, direct input-output coefficients pertaining to energy 
sales are expressed in energy rather than economic terms (Stein et al, 1981). However, 
in the application of an energy input-output table to the analysis of an individual 
product, the homogeneity and proportionality assumptions remain, as do errors 
pertaining to the use of average product prices for non-energy goods and services (sub-
section 2.2.3).  
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Physical input-output tables offer the potential to reduce some of the errors relating to 
the use of economic data for both energy and non-energy flows. Stahmer et al (1996) 
describe an input-output matrix enumerating flows of products by mass, including 
primary energy sources such as coal. However, as with energy input-output tables, the 
homogeneity and proportionality assumptions remain. 
Highly disaggregated input-output tables would result in the extraction of more reliable 
direct energy paths, reducing some of the effects of the homogeneity and proportionality 
assumptions. However, it would be virtually impossible to collect the data for, and 
construct, an input-output matrix sufficiently disaggregated to enable tracing of 
individual product flows (Boustead and Hancock, 1979). Therefore, the homogeneity 
and proportion assumptions remain, to some degree, regardless of the level of 
disaggregation. 
In summary, none of the three alternatives to economic input-output tables, discussed 
above, remove all of the errors inherent to input-output analysis. Therefore, the input-
output-based hybrid analysis method described in chapter 4 would still be useful for the 
analysis of individual products, regardless of the quality of the input-output matrix. 
Furthermore, since none of these alternatives are currently available in Australia, energy 
tariffs are still required for the input-output model. 
5.1.2. Energy tariffs 
The energy tariffs derived in chapter 3 in some cases differed from typical tariffs 
published by energy supply utilities (Pears, 1997). This is due to various effects, 
including low energy tariffs negotiated by bulk energy purchasers.  
Selected published energy tariffs should not be used in input-output models (as 
demonstrated by Worth, 1992 and Pullen, 1995), as they may introduce more errors 
than contained in national average fixed energy tariffs. It is important to use a national 
average model for fixed energy tariffs because one may not know beforehand which 
sectors are involved in the indirect energy of the sector under consideration. However, it 
may be acceptable to select a published tariff if it is known to apply to a particular 
sector, but this data would have to be applied to direct energy paths for which the data is 
known to apply. Otherwise, unwanted indirect effects may occur (as discussed for the 
integration of other case specific data into the input-output model in sub-section 2.3.1).  
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The derivation of a set of fixed energy tariffs for Australia in 1986-87 (in Treloar, 1994) 
used a similar method as described in chapter 3 for the derivation of energy tariffs for 
1992-93. Both sets of energy tariffs are compared in table 5.1. The energy tariff for 
‘petroleum, coal products’ increased by 57% over the period, but the energy tariff for 
‘coal, oil and gas’ and ‘gas supply’ decreased by 19% and 14% respectively. Some 
increase in inverse energy tariffs over time is expected, typically of the magnitude 
found for ‘electricity supply’ (ie, less than 10%, table 5.1), due to inflation. However, 
other factors, such as large fluctuations in supply or demand, may have caused the 
larger discrepancies found for:  
• ‘coal, oil and gas’; 
• ‘gas supply’; and  
• ‘petroleum, coal products’.  
Table 5.1 Comparison of fixed energy tariffs derived for Australia, 1986-87 and 
1992-93 
 
energy supply sector 
1986-87 (Treloar, 1994)
(GJ/$) (A)
1992-93 (table 3.1) 
(GJ/$) (B) 
change (%) 
(B - A) / A 
coal, oil and gas 0.524 0.425  -19% 
petroleum, coal products 0.100 0.156  +57% 
electricity supply 0.042 0.039 +7% 
gas supply 0.375 0.322 -14% 
NB shown values may not calculate precisely due to rounding, and tariffs are ‘inverse’ 
Miller and Blair (1985) advised against the practice of using fixed energy tariffs, as 
opposed to using variable energy tariffs (as discussed in sub-section 3.1.2). However, 
the data required for the derivation of a set of energy tariffs for each sector of the 
Australian economy was not available. The derivation of variable energy tariffs for the 
input-output model requires national statistical energy usage data at the 113 sector level. 
The Australian Bureau of Agricultural Resource Economics (ABARE), however, only 
publishes 25 sector group energy usage data (Bush et al, 1993). Therefore, additional 
surveys of energy utilities and industry are required, and it is not considered that the 
current market for this data could bear the cost of the required research (Bush, 1997).  
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Nevertheless, for eight sector groups which represented single sectors, the 25 sector 
group energy usage data was used in chapter 4 to derive direct energy intensities for use 
in the modification of selected direct energy paths for the demonstration building. This 
had the effect of reducing the errors associated with the use of the national average 
energy tariffs for extracted direct energy paths involving these sectors (see sub-
section 5.4.1).  
5.1.3. Primary energy factors  
The use of one set of primary energy factors for the whole economy involved the 
assumption that the energy embodied in the products of the energy supply sectors was 
consistent across all purchases from each energy supply sector. However, as can be seen 
from appendix G, table G1, there are a wide variety of fuel types, particularly for the 
energy supply sectors:  
• ‘coal, oil and gas’; 
• ‘petroleum, coal products’; and  
• ‘electricity supply’.  
It has been previously found that the production and delivery of manufactured gas 
requires 2.74 times more energy than natural gas (Boustead and Hancock, 1979, p. 146). 
Therefore, the seemingly similar products ‘natural gas’ and ‘town gas’, which comprise 
the ‘gas supply’ sector (Bush et al, 1993), may involve considerable differences in 
energy intensity. However, the completeness of Boustead and Hancock’s study was not 
stated, and may be assumed to be severely limited relative to the input-output 
framework (at least in terms of the number of direct energy paths considered). 
Furthermore, a classification anomaly may apply: their definition of natural gas may be 
the gas in its natural state and location (ie, in the earth), while the definition used by 
Bush et al (1993) probably refers to a product which is delivered to consumers as 
‘natural gas’. Therefore, the above relationship between the energy intensity of ‘town’ 
and ‘natural’ gas found by Boustead and Hancock (1979) may not be comparable to the 
situation described by Bush et al (1993). These types of classification anomalies are 
likely to be common for input-output-based hybrid analyses, however the magnitude of 
their effects are not known. 
A fixed model was used for the primary energy factors, as with the energy tariffs. 
However, a variable primary energy factor model has not been suggested in the 
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literature on embodied energy analysis. Considering the above discussion regarding the 
variety of products sold by energy supply sectors, a variable primary energy factor 
model may be desirable.  
The need for a comprehensive framework for embodied energy analysis also applies to 
primary energy factors, as noted in sub-section 3.1.3. Since the embodied energy of a 
building should include the energy embodied in all inputs of goods and services, and all 
the upstream processes, the framework for the assessment of the energy embodied in 
energy supply sector products should be similarly comprehensive.  
A primary energy factor is the total energy intensity of an energy supply sector 
expressed as a ratio in energy terms (ie, in GJ/GJ rather than in GJ/$100 or GJ/t). 
Therefore, primary energy factors include a direct component (the direct primary energy 
factor) and an indirect component (the indirect primary energy factor). However, the 
input-output model cannot be used for the derivation of primary energy factors because 
of the modifications to the direct input-output matrix to exclude double counting (sub-
section 3.1.1). 
Previous primary energy factors, for example those listed in table 3.2, are likely to be 
incomplete relative to the pure input-output framework. Commonly, the framework 
comprises the feedstock energy and a factor for distributions losses, but in some cases 
the framework is a little more comprehensive than this (Pears, 1997). However, it would 
be unlikely that frameworks for the derivation of primary energy factors would be as 
comprehensive as typical process-based hybrid analyses of complex products, such as 
buildings (discussed in section 2.3).  
While the estimated primary energy factors were comparable to some previously 
published primary energy factors, they cannot be considered accurate because they were 
based on a subjective assessment of the incompleteness of previously published values. 
Furthermore, the previously published primary energy factors for other countries and 
decades may not be appropriate for testing the validity of primary energy factors 
derived for Australia in 1992-93 because of changes in technology, fuel types and 
sources, and the likely incompleteness of such studies. The priority for the derivation of 
accurate and comprehensive primary energy factor should be equally as high as the 
derivation of a variable energy tariff model, because each set of data has an equal 
sensitivity to the results of the input-output model. 
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5.1.4. Double counting of feedstock fuels 
The method used to exclude double counting of feedstock fuels, described in chapter 3, 
was selected from several possible input-output model structures, including options for 
the use of primary energy factors and the modification of the direct input-output matrix. 
The options for the modification of the direct input-output matrix were: 
• no modification; 
• exclusion of the energy embodied in inputs of energy to other energy supply sectors  
(4 x 4 = 16 direct input-output coefficients); and 
• exclusion of the energy embodied in inputs of energy and non-energy goods and 
services to energy supply sectors (4 x 113 = 452 direct input-output coefficients). 
The options for primary energy factors were:  
• no primary energy factors; 
• direct primary energy factors; and 
• total primary energy factors. 
The case for direct primary energy factors considered here related to an error in a 
previous input-output model structure (Treloar, 1994). Instead of all the inputs to energy 
supply sectors being set to zero in the direct input-output matrix, as discussed in 
chapter 3, only the inputs from energy supply sectors to energy supply sectors were set 
to zero (ie, as noted above for the modification of the direct input-output matrix). 
However, this resulted in the direct energy intensities for energy supply sectors being 
zero. It was assumed in Treloar (1994) that this was an error, and the direct energy 
intensities for energy supply sectors were replaced. However, the indirect energy of 
energy supply sectors remained almost zero, due to the truncation of the energy inputs 
to energy supply sectors. This alternative input-output model structure is compared to 
the input-output model structure used in chapter 3, in the context of the total energy 
intensity of ‘residential building construction’ (table 5.2). The significance of the 
different models is then discussed. 
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 5: Discussion   page 149 
Table 5.2 Effect of two input-output model structures on the total energy 
intensity of ‘residential building construction’, Australia 1992-93  
  total energy intensity of 
combination description  ‘residential building construction’ (GJ/$100) 
total PEFs, GSs into ESSs excl. from DIOM (ie, this study) 0.8510 
direct PEFs, ESSs into ESSs excl. from DIOM (ie, Treloar, 1994 study) 0.9394 
abbreviations: PEF, primary energy factor; mod., modification; DIOM, direct input-output matrix; ESS, 
energy supply sector; excl., excluded; GS, goods and service, 
NB the input-output model described in chapter 3 was used in each case, only the structure was altered 
The total energy intensity of ‘residential building construction’ given by the input-
output model structure used in Treloar (1994) was only 10.4% higher than that derived 
in this thesis. This amount represents partly the effect of the energy embodied directly 
in energy and non-energy goods and services inputs into energy supply sectors on the 
total energy intensity of ‘residential building construction’. However, the amount of 
double counting resulting from the previous input-output model structure noted above 
could not be calculated, compared to the results derived in this thesis, because of: 
• the interrelated effects of the direct input-output coefficients relating to energy sales 
to energy supply sectors (as these data are probably least likely to be relevant to the 
energy supply sectors); and  
• the inapplicability of a comparison of these direct primary energy factors to the 
primary energy factors in this thesis (derived in chapter 3).  
All the other possible input-output model structures, aside from the one used in this 
thesis, were either subject to varying degrees of double counting, as discussed above, or 
undercounting. For example, the use of no primary energy factors with modifications to 
the direct input-output matrix to exclude inputs to energy supply sector would produce 
results in delivered energy terms. This represents substantial incompleteness, 
particularly due to the energy required for the manufacture of electricity. 
However, while the energy embodied in energy supply sector products was completely 
excluded though the modification of the direct input-output matrix in the model 
described in chapter 3, the delivered energy results were then converted back into 
primary energy terms through the use of primary energy factors, re-completing the 
framework. Thus, no double counting of feedstock energy requirements occurred for the 
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results reported in chapters 3 and 4. Furthermore, the input-output model described in 
chapter 3 was preferred because the use of primary energy factors reduced, for the 
energy embodied in energy supply sector products, the effect of the assumptions 
relating to: 
• the use of tariffs for energy and non-energy goods and services;  
• the homogeneity assumption; and 
• the proportion assumption (discussed in sub-section 2.2.3). 
5.2. Direct energy paths  
The algorithm derived for the extraction of direct energy paths from the input-output 
model avoided examining every single direct energy path by pruning futile branches of 
enquiry (sub-section 3.3.1). The pruning technique used a threshold value to reject paths 
with small direct energy values, and was successful because the time taken for some 
direct energy path extraction runs was reduced from weeks to minutes.  
However, the reliability of the extracted direct energy paths is dependent upon factors 
other than the data used to construct the input-output model (as discussed in the 
previous section). One of the most fundamental issues with regard to the reliability of 
input-output data, discussed in this section, is the homogeneity of both the target sector 
and any sectors which contributed directly and indirectly to the target sector. The 
relative importance of the homogeneity of the target sector is measured by the 
proportion of the total energy intensity that the direct energy intensity comprises. The 
relative importance of the homogeneity of all sectors which contribute directly and 
indirectly to the target sector is measured by the proportion of the total energy intensity 
comprising the indirect energy. 
Also discussed in this section is the mutual exclusivity of direct energy paths, as 
evidenced by the investigation of direct energy path extraction near the limit (sub-
section 3.3.4).  
5.2.1. Homogeneity of ‘residential building construction’  
The homogeneity of the ‘residential building construction’ sector will be considered in 
this sub-section with respect to its composition in terms of ‘commodities’. Commodities 
represent the next level of disaggregation down from sectors (as introduced in sub-
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section 3.2.1). Each sector produces one or more commodities. There were 
approximately 830 commodities defined for the Australian economy in 1992-93 (ABS, 
1996b), comprising, in particular, four which were used repeatedly by a wide range of 
sectors:  
• ‘other income’ (used 69 times);  
• ‘increase in stocks’ (also used 69 times);  
• ‘general government consumption of fixed capital’ (used 21 times); and  
• ‘repairing and servicing’ (used 9 times).  
None of the other 826 commodities were used more than once. The four repeated 
commodities, listed above, generally represented small proportions of the total 
economic output of sectors where they were present. There were several cases where a 
repeated commodity comprised a large proportion of the total economic output of a 
sector. The largest case was for the commodity ‘general government consumption of 
fixed capital’, which comprised 28.3% of the output of the ‘services to transport; 
storage’ sector (ABS, 1996b). The next two largest cases were both for the repeated 
commodity ‘general government consumption of fixed capital’, which comprised 6.6% 
of the ‘education’ sector and 5.2% of the ‘government administration’ sector (ABS, 
1996b).  
Therefore, on average, each of the 113 sectors comprised 7.31 non-repeated 
commodities. The two sectors with the highest number of non-repeated commodities 
were ‘other agriculture’ (39 non-repeated commodities), followed by ‘fabricated metal 
products’ (29 non-repeated commodities, ABS, 1996b). These sectors were therefore 
relatively non-homogenous, at least with respect to commodities. At the other end of the 
scale, there were 14 relatively homogenous sectors with only one non-repeated 
commodity:  
• ‘beef cattle’;  
• ‘dairy cattle’;  
• ‘pigs’;  
• ‘tobacco products’;  
• ‘cement and lime’;  
• ‘concrete slurry’;  
• ‘railway equipment’;  
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• ‘aircraft’;  
• ‘electricity supply’;  
• ‘gas supply’;  
• ‘water supply; sewerage and drainage services’;  
• ‘ownership of dwellings’;  
• ‘defence’; and  
• ‘education’.  
The direct energy intensity of ‘residential building construction’ comprised 17.0% of 
the total energy intensity, representing the relative significance of the homogeneity of 
the ‘residential building construction’ sector compared to the sectors which contributed 
directly and indirectly to ‘residential building construction’. The ‘residential building 
construction’ sector comprised two non-repeated commodities:  
• ‘residential building construction’; and  
• ‘repair and maintenance of residential buildings’ (which was similar to, but separate 
from, the repeated commodity ‘repair and servicing’ noted above).  
The proportions of the total output of the ‘residential building construction’ sector 
represented by these two commodities were 94.84% and 5.16% respectively (ABS, 
1996b). However, while the ‘residential building construction’ sector appeared 
relatively homogenous in terms of commodities, there are a wide range of residential 
building construction methods, types, sizes and styles. 
5.2.2. Homogeneity of sectors upstream from ‘residential building construction’  
The indirect energy intensity of ‘residential building construction’ comprised 83% of 
the total energy intensity, representing the relative significance of the homogeneity of 
the sectors which contributed directly and indirectly to ‘residential building 
construction’. The homogeneity of several sectors which contribute significantly to 
‘residential building construction’ are examined in appendix I.  
However, in a summary of appendix I (table 5.3), only those commodities that were 
quantified for the demonstration building input-output-based hybrid analysis 
(appendix H, table H2) are listed. Not all cases are listed from appendix I, for reasons of 
space, and many of those selected were chosen because of their apparent non-
homogeneity. Where the commodity details were not complete for a sector (indicated by 
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‘n.a.’ in ABS, 1996b), the maximum proportion of the sector’s output that could be 
comprised by the commodity used in the demonstration building analysis was calculated 
by deduction (indicated by the phrase “less than...” in table 5.3). 
It can be seen from table 5.3 that few of the sectors listed were as homogenous as 
‘residential building construction’ (discussed in sub-section 5.2.1) with respect to the 
products used in the demonstration building, at least in terms of commodities. However, 
other sectors analysed in appendix I were more homogenous than those listed in 
table 5.3 (for example, ‘concrete slurry’).  
For example, the ‘ceramic products’ sector appeared to be reasonably homogenous with 
respect to ‘clay bricks’, considering that nine other commodities were also produced by 
this sector (appendix I). However, ‘ceramic products’ may not be homogenous enough 
for the energy intensity for this sector to be able to be considered accurate for the 
commodity ‘clay bricks’.  
‘Other property services’ was the third highest ranked of the unmodified paths in the 
input-output-based hybrid analysis of the demonstration building (appendix H, 
table H5). Since the priority for the derivation of process analysis data for unmodified 
direct energy paths should be weighed in the context of other direct energy paths, the 
priority for further investigations into ‘other property services’ is high. However, while 
no products from this sector were quantified in the demonstration building analysis, it is 
reasonable that many of the commodities listed in appendix I for ‘other property 
services’ could be purchased directly by ‘residential building construction’ contractors. 
The derivation of process analysis data for this direct energy path may be made easier 
by the consideration of the commodities it comprises.  
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Table 5.3 Homogeneity of selected Australian economic sectors 
sector  commodity proportion of sector’s economic output 
ceramic products  clay bricks 
ceramic tiles 
sanitary wear 
54.4% 
11.8% 
less than 11.0% 
plaster and other concrete products  plaster sheets less than 41.8% 
iron and steel  steel decking less than 54.7% 
structural metal products  structural steel 
reinforcement - bars 
reinforcement - mesh 
roller doors 
27.9% 
16.3% 
7.5% 
3.7% 
basic non-ferrous metals and products  aluminium foil 
copper shapes 
copper wire 
1.2% 
3.0% 
0.2% 
plywood, veneer and fabricated wood  particleboard 19.8% 
Source: appendix I 
It has been shown in this sub-section that many sectors are not sufficiently homogenous 
to assume that a high degree of reliability can be attributed to input-output data 
generally (especially when used to model individual products, as noted in ABS, 1996a). 
However, no better data may be available for modelling the types of processes 
commonly ignored in embodied energy analyses, due to the complexity of the input-
output model for many sectors. 
5.2.3. Near the limit for direct energy path extraction 
The direct energy paths extracted for the three levels of complexity were found to have 
provided sufficient detail for an input-output-based hybrid analysis. It was also shown 
that 99.99994% of the total energy intensity for ‘residential building construction’ for 
stage 0 to 4 was described by direct energy paths extracted using a threshold value of 
10-13 (ie, near the limit). The number of paths extracted was shown to gradually 
decrease with increases in the threshold value by steps of 10-1, resulting in a flattening 
of the curve in figure 3.17. This flattening indicated that the maximum potential number 
of non-zero direct energy paths was being approached, as calculated using the average 
number of zero coefficients in the direct input-output matrix according to equation 3.5. 
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Therefore the direct energy path extraction is near the limit in the number of paths 
found (ie, due to the flattening noted above) as well as in value (ie, approaching 100%). 
This finding gave strong support to the first hypothesis, that direct energy paths 
represent mutually exclusive components of the total energy intensity (sub-
section 2.4.1). Consequently, direct energy paths for ‘residential building construction’ 
can be used as the basis of a hybrid analysis of an individual residential building.  
There are no limitations likely to reduce the level of support demonstrated for the first 
hypothesis in chapter 3. It is unlikely, for example, that this result would not be found 
for other sectors, given the results found in the extraction of direct energy paths for 
other sectors (figure 3.16). Similarly, it is unlikely that the limitation of the extraction of 
direct energy paths to stage 4 will produce significantly different conclusions for further 
upstream stages, except that the runs up to stage 12 may take some years, using the 
current software and system. The mathematical principles are the same for any upstream 
stage, and could have been considered to be proven a priori by equations 2.4 and 2.5.  
This demonstration of the mutual exclusivity of direct energy paths has given practical 
evidence that the modification of direct energy paths can be done as accurately as 
required for the new input-output-based hybrid analysis method. Accuracy in the 
modification of direct energy paths is required so that the sum of the unmodified paths 
can be subtracted from the initial total embodied energy derived using input-output 
analysis and then added to the sum of the modified paths without double counting or 
under counting. 
5.3. Data used for demonstration building analysis  
In this section, the selection of the demonstration building is discussed. Then, the total 
embodied energy figures derived for the demonstration building using both the initial 
input-output data for ‘residential building construction’ and the input-output-based 
hybrid analysis method are compared to previous embodied energy analyses of 
Australian residential buildings. Finally, the quality of the data used in the input-output-
based hybrid analysis of the demonstration building is discussed. 
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5.3.1. Demonstration building selection 
Notwithstanding the inherent flaws in the input-output model, discussed in section 5.2, 
the direct energy paths extracted for ‘residential building construction’ represent a 
composite of many residential building types, styles, and construction systems and 
products. Therefore, significant components for every major construction system, and 
many minor ones, are likely to be represented. However, the input-output model was 
found to be a relatively poor model for the demonstration building. The correlation 
between the initial and modified values for paths with modified product quantities was 
weak, and all modified values increased, indicating that it is likely that a consistent 
sector classification or price selection error may be responsible. There was no 
correlation between the old and new relative rankings for the paths with modified 
product quantities, indicating that the input-output model cannot be used to accurately 
prioritize efforts for the collection of process analysis data. 
The most notable discrepancy between the initial and modified values involved the 
‘textile products’ direct energy path (initially ranked 136th). The initial input-output 
value for this path in relation to the total embodied energy of the demonstration building 
was 0.4 GJ (determined by multiplying the direct energy intensity value, derived from 
the input-output model in chapter 3, by the price for the demonstration building). 
However, the modified value was 23.7 GJ, which was 60 times larger than the initial 
value for this path.  
Such large discrepancies are expected to be rare. However, in the absence of better data, 
the input-output model must be used for completing the framework of input-output-
based hybrid analyses (discussed further in section 5.4). 
The residential building selected may not have been representative of the ‘residential 
building construction’ sector. However, the purpose of this demonstration was not to 
produce a definitive result for this particular building for the purpose of extrapolation to 
other residential buildings. This would be difficult, due to: 
• the problem of identifying the ‘national average’ residential building;  
• the lack of process analysis data; and  
• errors in the input-output model.  
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5.3.2. Total embodied energy of demonstration building  
The total energy intensity derived for ‘residential building construction’ was applied to 
the demonstration residential building in chapter 4, resulting in a figure of 835 GJ, or 
6.78 GJ/m2 of building area. However, the figure resulting from the incorporation of 
process analysis data into the input-output-based hybrid analysis of the demonstration 
building in chapter 4 was 111% higher, at 1762 GJ, or 14.3 GJ/m2 (table 4.18). The 
increase was partially due to the underestimation of direct energy intensities in the 
input-output model (table 4.6) and partly to the underestimation of product quantities 
for the demonstration building in the input-output model (see sub-section 5.3.3). Both 
these total embodied energy figures for the demonstration building are compared to 
recent studies of the energy embodied in Australian residential buildings below.  
The embodied energy derived for six Australian residential buildings by Lawson 
(1996b) ranged between 0.36 GJ/ m2 and 2.3 GJ/m2 of building area, and were thus all 
considerably lower than both the figures derived for the demonstration building quoted 
above. However, there are several explanations for this observation, including that: 
• the residential buildings analysed were ‘low-energy’, in operational terms, and in 
some cases also ‘environmentally friendly’, due to the selection of, for example, low 
energy intensity building materials such as adobe;  
• the embodied energy data were predominantly in delivered energy terms; and 
• many of the items excluded in typical process analyses and process-based hybrid 
analyses also appear to have been excluded here (discussed in chapter 2); and 
Pullen (1995) found a range of approximately 4.4 to 6.1 GJ/m2 for the energy embodied 
in ten typical South Australian detached residential buildings. These figures were again 
lower than the figures derived in chapter 4 for the demonstration building, partly 
because they were in delivered energy terms rather than primary energy terms (expected 
to make a difference of approximately -50% for the average case, due to the reasonably 
consistent proportion of electricity found for the energy embodied in most products, 
Tucker et al, 1993). Another factor may have been the exclusion of items and processes 
typically excluded in process-based hybrid analyses (as discussed in chapter 2), while in 
the demonstration building analysis, some additional items ignored by Pullen were 
included (such as landscaping items, whitegoods, furniture and banking services used 
by the contractor, appendix F). However, the initial input-output figure derived using 
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input-output analysis for the demonstration building  (6.78 GJ/m2) was only 11% larger 
than the largest figure found by Pullen (6.1 GJ/m2), suggesting that there is some level 
of agreement between these two studies. 
Pullen also noted, for eight previous studies of the energy embodied in residential 
buildings, a range of results of 1.2 to 7.4 GJ/m2 for various analysis methods, levels of 
completeness, housing styles, countries and years (quoting sources such as Baird and 
Chan, 1983; Stein et al, 1981; Kohler, 1987; Honey and Buchanan, 1992; Pederson, 
1993; and Yashiro, 1993). Similarly, Adalberth (1997b) found that the energy embodied 
in three prefabricated Swedish homes ranged from approximately 8.3 to 10.8 GJ/m2. 
The pure input-output result of 6.78 GJ/m2 for the demonstration building seems to be a 
reasonable value, in consideration of these other studies.  
The input-output-based hybrid analysis result of 14.3 GJ/m2 for the demonstration 
building still seems high, compared to the highest of these further studies (7.4 GJ/m2, an 
input-output figure derived by Stein et al, 1981, for the residential building construction 
sector in the US). However, the pure input-output figure derived for the demonstration 
building seems more reasonable, compared to this last figure. 
The components of the pure input-output result derived in chapter 4 of 6.78 GJ/m2 (ie, 
the total energy intensity for ‘residential building construction’ and the average price 
derived for the demonstration building) are examined independently below to reveal 
possible sources of error and incompleteness for this result.  
The total energy intensity derived for ‘residential building construction’ in economic 
terms (ie, 0.851 GJ/$100, appendix B, table B1) was 47% lower than a similar 
calculation Australia for 1986-87 (1.62 GJ/$100, Treloar, 1994). Considering inflation 
alone, this reduction over six years is more than would normally be expected due to 
inflation (which tends to reduce energy intensities in economic terms, as long as all 
other things, such as the actual energy intensity and the output of the process, are 
equal). Reductions in the total energy intensity over the period, other than by inflation, 
may have been caused by:  
• increases in energy efficiency in contributing sectors (for example, as reported by 
Tucker et al, 1994); 
• anomalies in the input-output data (such as discussed by, inter alia, Gretton and 
Cotterell, 1979; and Worth, 1992); and  
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• errors introduced by the derivation of national average energy tariffs and national 
average primary energy factors (discussed in section 5.1).  
Using the actual price for the demonstration building may have inflated the input-output 
derived total energy intensity, because of, for example, the higher than normal quality 
of finishes. The price selected for the demonstration building was selected as an average 
for that building type, rather than using the actual price for that actual building (which 
was not available, Fay, 1997). On the other hand, the use of an average price for the 
demonstration building may have contributed to an overestimation of the total embodied 
energy because double storey two bedroom units are not representative of the 
‘residential building construction’ sector. If the price of an unrepresentative product of a 
sector is artificially high (ie, for reasons other than the usual increases in requirements 
for energy and non-energy products), then the energy intensity will be over estimated. 
However, even though the building type of the demonstration building was not 
representative of ‘residential building construction’, this does not mean that the average 
price used will not appropriately represent the cost of each square metre of its 
construction (ie, the price may not have been artificially high, as discussed above).  
One would expect that the input-output-based hybrid analysis would resolve this 
particular issue, because the quantities of important inputs of products were substituted 
for these input-output data. In fact, only 49% of the total embodied energy comprised 
input-output data. Consequently the selected price for the demonstration building 
impacted on approximately half of the total embodied energy. In cases where more 
process analysis data can be collected, and the input-output model is less complex, the 
significance of the price derived for the product will decrease. 
5.3.3. Product quantities derived for the demonstration building  
The total embodied energy for the demonstration building derived using the input-
output-based hybrid analysis method may be higher than previous studies, as discussed 
in the previous sub-section, because of errors in the derivation of process analysis data 
for the demonstration building. The quality of the product quantity data is discussed in 
this sub-section, while the quality of the direct energy intensity data is discussed in sub-
section 5.3.4.  
The product quantities derived for the demonstration building are compared to the direct 
input-output coefficients used in the input-output model in order that the increase in all 
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the values of direct energy paths with modified product quantities may be explained 
(table 4.16). The product prices listed in appendix H, table H1, including the cost of the 
demonstration building (ie, $98 093), were used for this purpose. The calculation 
comprised dividing the direct input-output coefficient (in $/$) by the product price (in 
$/unit), and multiplying the result by the price for the demonstration building (in $), 
giving a product quantity (in the same ‘unit’ as the product price, for example, tonnes).  
If the product was not the only one for the direct energy path, the result had to be 
weighted by the proportion of the direct energy path comprising each product (from 
appendix H, table H2). For example, the direct input-output coefficient for ‘ceramic 
products’ into ‘residential building construction’ was 0.03842 $/$ (ABS, 1996a, 
table 6). This was divided by the product price for ‘clay bricks’ of 23.1 $/m2, then 
multiplied by the price for the demonstration building of $98 093 (appendix H, 
table H1). However, this direct energy path did not comprise only the product ‘clay 
bricks’. The result of 161.3 m2 was therefore multiplied by the proportion that the direct 
energy embodied in ‘clay bricks’ comprised of the total direct energy embodied in the 
‘ceramic products’ path for the demonstration building (92.14%, derived from 
appendix H, table H2), giving the product quantity for ‘clay bricks’ inferred from the 
input-output model of 150.3 m2.  
However, the product quantity derived for ‘clay bricks’ used in the demonstration 
building was 352.1 m2 (appendix F), which was 2.34 times the value inferred above 
from the direct input-output coefficient for ‘ceramic products’ into ‘residential building 
construction’. This discrepancy is discussed below, in the context of comparisons for 
other direct energy paths with modified product quantities (listed in appendix H, 
table H2). 
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Table 5.4 Comparison of product quantities derived for the demonstration 
building and inferred from the input-output model  
direct energy path product (unit) derived 
quantity (A) 
(appendix F) 
inferred 
quantity (B) 
 comparison 
 (A / B) 
'ceramic products' clay bricks (m2) 352.1 150.3 234% 
tiles, ceramic (m2) 12.8 7.5 170% 
vitreous china (kg) 29.0 17.0 170% 
'cement and lime'   cement into 15 MPa (t) 3.085 0.81 381% 
into  cement into 20 MPa (t) 0.172 0.05 381% 
'concrete slurry' cement into 30 MPa (t) 8.278 2.17 381% 
'plaster and other  plasterboard 10mm (m2) 357.3 435.1 82% 
concrete products' plasterboard 13mm (m2) 95.7 116.5 82% 
'iron and steel' (t) 65.1 81.3 80% 
'sawmill products' (m3) 6.229 1.9 336% 
'other non-metallic mineral products'  (copper) (t) 245.6 55.4 443% 
'iron and steel' into 'structural metal products' (t) 1.051 0.262 401% 
'basic non-ferrous metal and products' copper (t) 0.0259 0.002 1071% 
reflective foil (m2) 269.9 25.211 1071% 
'concrete slurry' 15 MPa concrete (m3) 11.017 8.726 126% 
20 MPa concrete (m3) 0.538 0.426 126% 
30 MPa concrete (m3) 20.694 16.391 126% 
'sawmill products' into 'other wood products' (m3) 1.092 0.540 202% 
'basic non-fe. met. and prods.' into 'oth. el. equ.' (t) 0.00620 0.00555 112% 
'ply, ven. and fab. wood' into 'oth. wood prods' (m3) 0.405 0.57528 70% 
'paints' (m2) 568 444 128% 
'other chemical products'  (bitumen) (m3) 1.109 0.368 302% 
'other mining' sand (m3) 6.839 2.271 301% 
screenings (m3) 14.787 4.910 301% 
'household appliances' ($) 7914 1086 729% 
'ply, veneer and fab. wood' MDF/particleboard (m3) 2.249 0.180 1246% 
MDF architrave 67mm (m) 177.07 14.208 1246% 
MDF architrave 92mm (m) 103.61 8.314 1246% 
'iron and steel' into 'fab. met prods' stainless steel (t) 0.011 0.002 722% 
steel (t) 0.099 0.075 131% 
'glass and glass prods'  clear float glass 4mm (m2) 13.483 3.929 343% 
toughened glass 6mm (m2) 5.151 1.501 343% 
'banking' ($) 7000 1325 528% 
'plastic products'  laminate (t) 0.0850 0.006 1422% 
plastic (t) 0.029 0.002 1422% 
membrane (m2) 143.6 10.1 1422% 
vinyl flooring (m2) 21.8 44.4 49% 
UPVC pipe (90 slotted) (m) 24.3 14.9 164% 
UPVC pipe 100 (m) 71.7 55.7 129% 
UPVC pipe 20 (m) 27.3 4.25 644% 
UPVC pipe 25 (m) 7.0 1.4 515% 
UPVC pipe 40 (m) 15.0 4.7 322% 
'iron and steel' into 'sheet metal products' (t) 0.296 0.0470 629% 
'iron and steel' into 'other electrical equipment' (t) 0.0134 0.0169 79% 
'textile products'  (carpet) (m2) 65.1 0.996 6536% 
'furniture' ($) 8000 77.9 10266%
NB some direct energy path names are abbreviated—refer to appendix H, table H2 for list, product 
quantities in ‘B’ were calculated using the method described in the above text for ‘clay bricks’ 
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The product quantities inferred from the direct input-output matrix using the above 
method for ‘clay bricks’ are listed in table 5.4, by product. The relationship between the 
modified and inferred values were expressed as a ratio to enable comparison between 
values for individual products. Of the 46 products analysed in table 5.4, 40 involved an 
increase in product quantity for the demonstration building over the national average 
case. The largest increase, for the product quantity for the ‘furniture’ direct energy path, 
was 103 times the product quantity inferred from the input-output data, mainly because 
furniture is not generally provided by construction contractors.  
The increases in product quantities explain, in part, the increases in direct energy values 
of all the direct energy paths with modified product quantities (table 4.16). In cases 
where the product quantities decreased, one of two factors caused the direct energy 
value of the path to increase—either: 
• the other products assigned to that direct energy path increased; or 
• the increase in the direct energy intensity was greater. 
There are several explanations for the discrepancies between the product quantities 
derived for the demonstration building and those inferred from the direct input-output 
coefficients: 
1. price not representative of sector output, due to non-homogeneity of sector; 
2. price not representative of sector output, due to selection of an unrepresentative 
product; 
3. price inappropriate for the stage of processing under consideration (for example, 
using structural timber price for timber used in plywood); and 
4. price includes labour, or other charges not relating to equivalent energy or product 
consumption, such as administration or delivery. 
As an example of the first explanation, the product price for copper wire may be used, 
but this sector is relatively non-homogenous (appendix I). As an example of the second 
explanation, while the ‘ceramic products’ sector is reasonably homogenous with respect 
to ‘clay bricks’ (table 5.3), the use of a product price for ‘sanitary wear’ may involve 
large errors because this commodity is likely to be less than 11% of the sector’s output. 
As an example of the third explanation, the product price derived for ‘plaster sheet’ was 
a commercial rate (appendix H, table H1), which is likely to be lower than the 
residential rate because of the larger quantities typically purchased for commercial 
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construction. As an example of the fourth explanation, product prices for plasterboard 
generally included labour. In the analysis of the demonstration building, these material 
and labour prices were halved to resolve this problem (appendix H, table H1).  
5.3.4. Direct energy intensities derived for the demonstration building  
Generally, the product price errors could apply either to the product quantity or the 
direct energy intensity. They were discussed in relation to the product quantities in the 
previous sub-section, because the direct energy intensities have their own special 
problems (discussed in sub-section), whereas the product quantities are usually 
relatively easy to measure. 
In Treloar (1994), the total energy intensities were compared to energy intensities 
published by others. However, the comparison of energy intensities derived using 
different methods is difficult, because it is often not able to be determined, for example, 
whether many of the published energy intensities are in primary energy terms or 
delivered energy terms. This type of problem is of most concern for products which 
require large amounts of electricity (for example, aluminium) due to the high primary 
energy factor for this delivered energy source.  
Nevertheless, total energy intensities are derived here for comparison to those derived 
in Treloar (1994). Table 5.5 gives the derivation of total energy intensities for six 
selected product. The total energy intensities for the sector concerned were multiplied 
by the product prices given in appendix H, table H1, and the units corrected. Table 5.6 
then compares the six derived total energy intensities to those derived in Treloar (1994) 
for the same products. 
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Table 5.5 Derivation of total energy intensities for seven selected products  
 total energy intensity 
(GJ/$100) 
(appendix B, 
table B1) (A) 
product price 
($/unit) 
(appendix H, 
table H1) (B) 
total energy 
intensity 
(GJ/unit) 
(A x B / 100) 
50mm fibreglass insulation 2.5387 9.75 0.25 
carpet 0.7891 103.50 0.82 
6mm toughened glass 3.3431 165.00 5.52 
cement 7.4697 175.00 13.10 
13mm plasterboard 1.8678 9.00 0.17 
timber 0.8661 1350.00 11.70 
 
Table 5.6 Comparison of total energy intensities derived for seven selected 
products, 1986-87 to 1992-93 
product unit total energy 
intensity (GJ/unit)
(Treloar, 1994) 
(A) 
total energy 
intensity (GJ/unit) 
(table 5.5)  
(B) 
comparison of 
total energy 
intensities
 (B / A) 
50mm fibreglass insulation m2  0.12 0.25 206% 
carpet m2  0.41 0.82 200% 
6mm toughened glass m2  3.30 5.52 167% 
cement t 11.40 13.10 115% 
13mm plasterboard m2  0.14 0.17 121% 
timber m3  10.90 11.70 107% 
NB the Treloar (1994) study used 1986-87 input-output data, calculations may not sum due to rounding 
The increases in the total energy intensities, in physical terms, ranged from 7% (timber) 
to 106% (50mm fibreglass insulation, table 5.6), for various potential reasons, such as:  
• increases in energy intensity over the period (unlikely for most products);  
• problems with product prices (in table 5.5); 
• anomalies caused by using different product prices in each year; or 
• anomalies in the input-output data (for example, as discussed, inter alia,  by Gretton 
and Cotterell, 1979; and Worth, 1992).  
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However, while ‘clay bricks’ was not included in the Treloar (1994) office building 
case study, it was noted that Sinclair (1986) found a range of energy intensities between 
6 and 50 GJ/’000, with a mean of 17.3 GJ/’000 (equivalent to 0.29 and 2.45, and a mean 
of 0.848 GJ/m2 of brickwork, respectively). The wide variation in this range was not 
able to be predicted, but comprised a series of naturally occurring events, such as 
changes in raw material quality, operator efficiency, climate, and transport distances 
(Tucker et al, 1993).  
The direct energy intensity used in appendix H, table H2, for ‘clay bricks’ was 
0.754 GJ/m2, and was derived using process analysis data from Wagner (1995, see 
table 4.3). Adding the indirect energy derived from appendix B, table B2, gave a total 
energy intensity for bricks of 0.848 GJ/m2. This is consistent with the mean for the ‘clay 
bricks’ analysed by Sinclair (1986) quoted above. The high level of correlation (100%) 
is likely to be coincidental. However, brick manufacturing is likely to have increased its 
energy efficiency over the period between 1986 and 1992-93. The high level of 
correlation may mean that the direct energy intensity derived from the Wagner (1995) 
data is high, relative to the national average, or, alternatively, that the Sinclair (1986) 
data was significantly incomplete, relative to the input-output framework.  
The framework for the direct energy calculation for ‘clay bricks’ in this study 
(table 4.3) appears to be reasonably consistent with the input-output framework. This is 
discussed below, by examining the ‘fuel splits’ for this sector, both for those given by 
the input-output model for the direct energy intensity of ‘ceramic products’ and Wagner 
(1995).  
The fuel splits for the direct energy intensity of ‘ceramic products’ given by the input-
output model are listed below: 
• ‘coal, oil and gas’ (20.8%) 
• ‘petroleum, coal products’ (5.8%) 
• ‘electricity supply’ (8.8%); and 
• ‘gas supply’ (64.6%, appendix B, table B2). 
The direct energy intensity given by the input-output model for ‘gas supply’ into 
‘ceramic products’ of 0.671 GJ/m2 of brickwork was derived by multiplying the direct 
energy intensity of ‘ceramic products’ (listed in appendix B, table B1) by the fuel split 
listed above and the product price for ‘clay bricks’ (listed in appendix H, table H1) and 
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Chapter 5: Discussion   page 166 
the by 100 to correct for units. If it assumed that the kiln fuels are all gas, then the fuel 
split given by Wagner of 0.622 GJ/m2, table 4.3) is only 8% smaller than the value 
given above. This is a high level of agreement for a comparison between results from 
input-output analysis and process analysis (Bullard et al, 1978). 
The direct energy intensity for ‘electricity supply’ into ‘ceramic products’ given by the 
input-output model was 0.0914 GJ/m2. This value was approximately 8% smaller than 
the value given by Wagner (0.099 GJ/m2, table 4.3). Again, this is a high level of 
agreement. 
However, the direct energy intensity for ‘petroleum, coal products’ into ‘ceramic 
products’ given by the input-output model was 0.0602 GJ/m2 (using the method 
described above for ‘gas supply’), which was 82% larger than the value given for liquid 
fuels by Wagner of 0.033 GJ/m2 (table 4.3). This level of discrepancy is expected for 
comparisons between detailed results from input-output analysis and process analysis.  
In cases such as this, where the process analysis figure is considerably larger than the 
input-output figure, the input-output figure should be rejected, because it is unlikely that 
the process analysis figure is incomplete. However, if the process analysis figure is 
considerably smaller than the input-output figure, the decision to reject the input-output 
figure should be made more carefully, because the discrepancy may be caused by 
significant incompleteness in the process analysis figure (as discussed in section 2.1). 
Wagner did not give a figure for direct requirements for ‘coal, oil and gas’, but the 
figure given by the input-output model was 0.2155 GJ/m2 (derived using the method 
described above for ‘gas supply’), which represented 28.6% of the direct energy 
intensity derived from the Wagner data (0.754 GJ/m2, table 4.3).  
The total energy intensity derived for ‘clay bricks’ of 0.848 GJ/m2 using the direct 
energy intensity derived using process analysis data (0.754 GJ/m2) and the indirect 
energy derived from the input-output data (0.848 GJ/m2) was 27.4% lower than the pure 
input-output figure for ‘clay bricks’ of 1.17 GJ/m2 (derived using the general method 
described at the start of this sub-section), possibly because of:  
• efficiencies gained in the brick manufacture industry between 1992-93 and 1995; 
• anomalies with the product price used for ‘clay bricks’; or  
• because the producer analysed by Wagner (1995) may be more efficient than the 
national average. 
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The direct energy intensities for the other components of the ‘ceramic products’ path 
(ie, ‘tile, ceramic’ and ‘vitreous china’) could have been modified using internationally 
derived total energy intensities. However, this was not considered valid because of 
potential conflicts with the age or incompleteness of the international data. The input-
output data was therefore left in place with regard to the direct energy (and the indirect 
energy) of the other components of the ‘ceramic products’ direct energy path. Only the 
direct energy of the clay brick component of the ‘ceramic products’ path was included 
in the analysis of the unmodified proportion of the total embodied energy of the 
demonstration building (sub-section 4.3.6). 
It is expected that the direct energy intensities derived using national statistical data are 
more reliable than those derived using the fixed energy tariffs in the input-output model. 
However, the probable increases in accuracy for these data were not able to be 
quantified (as discussed in sub-section 4.2.3). Furthermore, the large increases and 
decreases for some of the direct energy intensities derived using national statistical data 
for eight selected sectors, in comparison to the direct energy intensities derived using 
the input-output model, were unable to be explained. It was expected that the Bush et al 
(1993) framework would be incomplete relative to the input-output framework for even 
the direct energy intensities, because of its physical determination. For example, as 
discussed in sub-section 5.1.3 regarding the national statistical data for the energy 
required to manufacture ‘coal, oil and gas’ products, non-feedstock amounts were not 
included. For other manufacturing sectors, it is expected that ancillary activities such as 
administration and storage area lighting would not be included. 
However, in the input-output framework, these amounts would be included, if the 
energy was purchased by the sector concerned. This potential conflict in framework 
between the national statistical data and the input-output framework is unlikely to cause 
large errors, but may result in partial incompleteness for the cases where the national 
statistical data is used. On the other hand, since there were both increases and decreases 
in the direct energy intensities derived for the eight selected sectors, and mainly 
increases for the most important of these, such as ‘road transport’, the incompleteness is 
not expected to be significant. 
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5.4. Input-output-based hybrid analysis of demonstration building  
The two types of input-output-based hybrid analysis methods previously demonstrated 
in the literature were shown in chapter 2 to be flawed. In the first type, the substitution 
of process analysis data into the input-output model caused unwanted indirect effects.  
In the second type, the addition of a sector to the input-output model representing an 
individual product, total energy intensities derived using the input-output model are 
applied to the stage 1 product quantities derived for the individual product. Then, for the 
most important stage 1 inputs in total energy intensity terms, stage 2 product quantities 
are occasionally derived (Seeman, 1984). However, most effort is directed to stage 1 
paths, some of which may be insignificant compared to other upstream direct energy 
paths. The exclusion of any stage 1 inputs results in incompleteness. 
In the new input-output-based hybrid analysis method comprises the modification of 
direct energy paths using process analysis data, thereby removing some of the 
uncertainty associated with the application of the input-output model to the 
demonstration building. The framework is completed through the addition of the value 
of unmodified paths. The effects of the application of the process analysis data to each 
direct energy path on the total embodied energy of the building was only applied to the 
direct energy of the path considered. Therefore, there were no indirect effects resulting 
from the modification of direct energy paths using process analysis data.  
Previous methods of analysing the errors in the input-output model have focussed on 
estimating the error range of the initial data used to construct the model (such as the 
homogeneity of the sectors, Pullen, 1995), and then any improvements due to the 
amount of integrated process analysis data are calculated (Bullard et al, 1978). The 
main problems with these method are that: 
• the errors in the initial input-output model data are too complex and interrelated to 
determine accurately enough, due to their interplay; and  
• the quality of any integrated process analysis data, for example, is assumed to apply 
to the total energy intensity of the input (as discussed in chapter 2).  
These two problems with previous error analysis methods are interrelated, and tend to 
overestimate the improvements in reliability associated with the integration of more 
process analysis data in a process-based hybrid analysis. While the integration of 
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greater amounts of process analysis data tends to increase the reliability of the 
components of the model for which process analysis data is derived, complete branches 
of the input-output model are replaced by incomplete branches represented by the 
process analysis data, even though the branches upstream from any quantified nodes are 
completed through the application of total energy intensities derived using input-output 
analysis. A branch for concrete, for example, may be replaced by the upstream branches 
for cement and sand, but the other branches upstream from concrete may be ignored. 
However, in the new input-output-based hybrid analysis method, demonstrated in 
chapter 4, the sum of the direct energy values of unmodified paths was added to the sum 
of the direct energy values of modified paths to make the framework more 
comprehensive. Furthermore, the integrated process analysis data was only applied to 
the direct energy value of the direct energy paths considered (as discussed above). 
Therefore, in the calculation of the modified proportion, only the direct effects were 
considered. Also, the consideration of only the proportion of the total embodied energy 
modified meant that problems in estimating the errors in the initial input-output and 
process analysis data, as discussed above for previous error analysis methods, did not 
apply. 
The amount of effort required for collecting process analysis data varied considerably 
for each of the three levels of complexity, and would be expected to vary for different 
products (as indicated by figure 3.5). Only 51% of the total embodied energy was able 
to be modified at the highest level of complexity (for the cumulative results given in 
table 4.20), resulting in the rejection of the second hypothesis.  
However, there are several limitations to the rejection of the second hypothesis for the 
demonstration building: 
1. the number of direct energy paths modified was not sufficient; 
2. the modified paths were limited to those included in typical process analyses; and 
3. the modification of a direct energy path does not ensure that it is validated to 
reasonable limits. 
Consequently, the second hypothesis may not be rejected in the analysis of other 
products using the new input-output-based hybrid analysis method. 
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5.4.1. Modification of direct energy paths  
For the modification of the top nine paths, 16 items of data needed to be quantified for 
the demonstration building (assigned to direct energy paths in the last column of 
appendix F). The top nine paths were an inadequate basis alone for the input-output-
based hybrid analysis of the demonstration building, because only 40% of the total was 
modified (table 4.20). This is likely to be true for many other sectors, as indicated by 
figure 3.5. Even if all the data required for the top nine direct energy paths was 
modified, only 57% of the initial total embodied energy for the demonstration building 
would have been modified. 
For the modification of direct energy paths ranked between 10 and 90, 144 items needed 
to be quantified (appendix F). The top 90 paths may have been an adequate basis for the 
hybrid analysis of the demonstration building because only 50.5% of the total embodied 
energy was modified at this level of complexity (table 4.20). However, many potentially 
important paths in the top 90 were not examined (listed in appendix H, table H5, and 
discussed in sub-section 4.4.2). Furthermore, the three paths ranked higher than 90 with 
modified product quantities (table 4.14) were more important than many modified paths 
in the top 90 for the demonstration building. Finally, the modified proportion for the 
top 592 model was only 0.5% greater than for the top 90 paths model. Therefore, while 
the top 90 paths may have been sufficient for the level of modification achieved for the 
demonstration building, the top 592 paths will need to be investigated in considerably 
more detail than demonstrated for the demonstration building to approach the 
modification of 90% of the total embodied energy.  
Of the three levels of complexity, the greatest number of items (quantified in 
appendix F) were assigned to direct energy paths with rankings between 10 and 90. The 
selection of direct energy paths to be modified at each level of complexity were 
determined by three criteria: 
1. whether process analysis data had been collected by Fay (1997, given in 
appendix F); 
2. whether direct energy intensities had been derived using national statistical data for 
the eight selected sectors (see table 4.5); and 
3. for three other cases, whether previous research indicated that process analysis data 
was worth deriving: 
• ‘household appliances’; 
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• ‘furniture’; and 
• ‘banking’ (as discussed in sub-section 4.2.2). 
Of the paths with modified product quantities, the discrepancies between the initial 
values and modified values were all positive (table 4.16), and are discussed below in 
three categories:  
• ones which increased by more than 30 times; 
• ones which increased by between five and 30 times; and 
• ones which increased by less than five times. 
There were three direct energy paths with modified direct energy values that were more 
than 30 times larger than the original input-output values. They were:  
• ‘furniture’ (96 times);  
• ‘textile products’ (59.3 times); and  
• ‘glass and glass products’ (30.4 times, table 4.16).  
The energy embodied in ‘furniture’ was underestimated because ‘residential building 
construction’ contractors typically do not provide furniture. The input of carpet (ie, 
‘textile products’) was initially ranked outside the top 90 paths, but ended up being 
more significant that many in the top 90. However, this discrepancy could not be 
explained. The discrepancy for ‘glass and glass products’ also was not able to be 
explained, though it could be due to one or more of the following factors: 
• glass may be purchased indirectly through the ‘structural metal products’ sector, with 
glass installed in aluminium window units—one of the commodities produced by the 
‘structural metal products’ sector (ABS, 1996b); 
• the prices for glass products may be too high because of the inclusion of 
transportation cost or because of artificial price distortions, such as competing 
imports (Tucker et al, 1993); 
• the sector may not be homogenous enough with respect to sheet glass products 
(though this could not be determined, due to missing data, ABS, 1996b); or 
• the quantity of window area in the demonstration building may be higher than the 
‘mean’ residential building. 
There were six direct energy paths with modified values that were between five and 30 
times larger than the original input-output values, comprising a range of sector types 
including basic materials, composite products, complex products and services:  
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• ‘basic non-ferrous metals and products’ (15.2 times); 
• ‘plastic products’ (14.3 times); 
• ‘iron and steel’ into ‘sheet metal products’ (14.4 times); 
• ‘plywood, veneer and fabricated wood’ (12.6 times); 
• ‘iron and steel’ into ‘structural metal products’ (9.0 times); 
• ‘household appliances’ (7.3 times); and  
• ‘banking’ (5.4 times, table 4.16).  
The reasons that the modified values for these direct energy paths changed by so much 
may be similar to those listed above for the ‘glass and glass products’ path. 
Direct energy paths with values that were less than five times larger than the original 
input-output values are more likely to be explained by the type of variations discussed 
in sub-section 5.3.4 for ‘clay bricks’ and above for ‘glass and glass products’.  
For example, the modified direct energy path value for ‘cement and lime’ into ‘concrete 
slurry’ was 3.81 times the original input-output value (table 4.16). There are several 
explanations for this discrepancy, such as the ones listed above for ‘glass and glass 
products’. However, the most important could be the difference between the direct 
energy intensity derived from the input-output model for ‘cement and lime’ and 
previously published direct energy intensities (discussed below). 
The direct energy intensity derived for the ‘cement and lime’ sector in the input-output 
model (12.2 GJ/t, appendix H, table H2) was more than double that of previous 
published figures for Australia (5.3 GJ/t, which represents the mean of two figures for 
Australia quoted by Ecologically Sustainable Development Working Groups, 1991b, for 
the wet and dry cement manufacturing processes, respectively). The figure derived 
using the input-output model may have been high because the product price derived for 
direct purchases of cement by ‘residential building construction’ contractors 
(appendix H, table H1) may have been too high for the purpose of representing 
purchases of cement by ‘concrete slurry’ contractors (as in the ‘cement and lime’ into 
‘concrete slurry’ direct energy path, appendix H, table H2).  
If the product price for cement was too high, as suggested in the previous paragraph, 
this would also mean that the inferred product quantity for ‘cement and lime’ into 
‘concrete slurry’ may be higher than indicated in table 5.4 (ie, 126%). Consequently, 
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the difference between the modified and original input-output direct energy values for 
the ‘cement and lime’ into ‘concrete slurry’ path may not be as large as indicated in 
table 4.16 (ie, 3.81 times larger).  
5.4.2. Unmodified paths 
In the new input-output-based hybrid analysis method, the most crucial task was not the 
modification of direct energy paths with process analysis data but rather the inclusion of 
the remainder of unmodified direct energy paths to make the framework more 
comprehensive. The process analysis data could be used with total energy intensities 
derived using input-output analysis in a process-based hybrid analysis method. 
Alternately, total energy intensities derived using process analysis could be applied to 
product quantities derived using process analysis for the individual product. However, 
both these methods suffered from the limitation that some processes were inevitably 
excluded, such as: 
• ancillary activities (such as administration);  
• inputs of services (such as insurance);  
• further processing of basic materials into complex products; and  
• some of the energy embodied in energy products (as discussed in chapter 2).  
There were 187 paths in the top 592 with either modified product quantities or direct 
energy intensities. Of the remaining 405 paths, several types emerged, and may be 
worth investigating as groups, including: 
• paths related to the eight selected sectors for which direct energy intensities were 
derived (sub-section 4.2.3); 
• direct self-inputs (discussed in sub-section 3.1.1); 
• services sectors (such as ‘insurance’, the 59th path, appendix H, table H5);  
• further processing (such as ‘other electrical equipment’); and 
• capital equipment (such as ‘mining and construction machinery; lifting and material 
handling equipment’). 
The direct energy intensities derived for eight selected sectors could have been applied 
to the input-output model prior to the application of the power series approximation. 
However, this was not done, because of the potential for unwanted indirect effects 
(discussed in sub-section 2.3.1). In chapter 4, the derived direct energy intensities were 
only applied to a number of direct energy paths that could reasonably be examined. 
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Therefore, the assumption that the derived direct energy intensities applied to the listed 
paths can be stated discretely for the purpose of evaluation by others. However, if these 
direct energy intensities were applied to the whole input-output model, the listing of 
affected direct energy paths would not be feasible. 
‘Direct self-inputs’ comprise economic transactions between establishments within the 
same sector. For example, it takes ‘iron and steel’ to make ‘iron and steel’, and ‘road 
transport’ to make ‘road transport’. The coefficients in the input-output matrix defining 
the value of direct self inputs are contained in the left-top to bottom-right diagonal. 
Indirect self inputs comprise paths which return to the same sector (for example, as 
discussed by Patten and Higashi, 1995), such as ‘iron and steel’ into ‘‘road transport’ 
into ‘iron and steel’. In the total requirements coefficients matrix (ie, the Leontief 
inverse input-output matrix) the self inputs are all greater than one. The additional 
amounts represent the effects of indirect self-inputs.  
Many of the top 592 direct energy paths comprised direct and indirect self inputs, but 
not much is known about these types of product flows in the field of embodied energy 
analysis. In fact, many such flows in the input-output tables could comprise economic 
anomalies (Worth, 1992). For example, the direct self input for the ‘car’ manufacturing 
sector into itself may be significant, but this could be because one establishment in the 
sector produces motors which are purchased by another establishment which produces 
whole cars. Consequently, in this hypothetical example, the second sector did not 
purchase a whole car, because the first sector was classified in the ‘cars’ sector on the 
basis of the bulk of its output, which would have been whole cars. 
The impact of services sectors on the total energy intensity of ‘residential building 
construction’ can be seen qualitatively in the direct energy trees presented in chapter 3 
and quantitatively in appendix E, table E1. However, no process analysis data was 
found in the literature for these types of products (other than the crude estimation of the 
amount of banking services required by the construction contractor, appendix H, 
table H2). 
Direct energy paths involving further processing of basic materials, such as ‘other 
electrical equipment’, were numerous and varied. The collection of process analysis 
data for each of them would therefore be a formidable task. Furthermore, the application 
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of process analysis data collected for such products may not be very reliable due to their 
diverse make-up (Boustead and Hancock, 1979).  
Since capital equipment is generally not included in input-output tables (Peet, 1985), 
several types of direct energy paths related to capital equipment may be under-
represented by the input-output model. Direct energy paths relating to capital equipment 
for ‘residential building construction’ include:  
• the 125th direct energy path, ‘iron and steel’ into ‘mining and construction 
machinery; lifting and material handling equipment’;  
• the 563rd direct energy path, ‘basic non-ferrous metals and products’ into 
‘prefabricated buildings’; and 
• the 303rd direct energy path, ‘other construction’ (see appendix E, table E1). 
The framework for the input-output-based hybrid analysis method derived in this thesis, 
therefore is not fully complete because capital equipment not purchased at least once 
per year is not included in the input-output model. However, the exclusion of capital 
equipment is likely to have a total effect of approximately 1% (Peet and Baines, 1986). 
Further possibilities for incompleteness in an input-output-based hybrid analysis 
include:  
• the energy embodied in goods and services inputs that are not purchased, including 
goods and services used from waste streams of other industries; 
• goods and services purchased for the individual product that normally are not 
purchased for the target sector.  
However, while the input-output model may not represent a totally complete 
framework, it does represent a comprehensive framework relative to previous process 
analysis frameworks (notwithstanding minor problems with sector classifications, 
discussed earlier). 
5.4.3. The modified proportion   
Derivation of product quantities resulted in only one quarter of the total embodied 
energy being modified for the input-output-based hybrid analysis of the demonstration 
building (inferred from table 4.20). Most of the product quantities were derived with 
reasonable accuracy, as indicated by previous studies (for example, Pullen, 1995). 
However, some product quantities derived for the demonstration building were not very 
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reliable. For example, the product quantity of the ‘sawmill products’ into ‘other wood 
products’ direct energy path, was unreliable because the quantity of ‘sawmill products’ 
was assumed to be equal to the quantity of ‘other wood products’. In this case, there 
may be significant mass loss during processing of ‘other wood products’ (as discussed 
in sub-section 4.2.2 for this and other similar paths in the demonstration building input-
output-based hybrid analysis).  
The other quarter of the modified proportion of total embodied energy of the 
demonstration building was modified through the derivation of direct energy intensities 
using process analysis data or national statistical data (sub-section 4.2.3). The direct 
energy intensity for ‘clay bricks’ (the only process analysis data used) appeared to 
correlate well with the input-output derived direct energy intensity for ‘clay bricks’ 
(sub-section 5.3.3). However, the national statistical direct energy intensities were 
considered only slightly more reliable than the direct energy intensities in the input-
output model. The direct energy intensity derived using process analysis for ‘clay 
bricks’ on the other hand was assumed to be acceptably reliable as an average for those 
products produced during the survey period considered by Wagner (1995).  
However, due to the range of direct energy intensity values possible for bricks, 
discussed earlier, any of the actual batches of bricks used in the construction of the 
demonstration building could be considerably higher or lower in direct energy intensity 
than the average. Nevertheless, the average direct energy intensity is the only option for 
modelling most products, because even after design and manufacture the source of some 
constituent materials is not known. Furthermore, the source of other goods and services 
consumed in the manufacturing process, but not physically embodied in the product, is 
rarely considered. 
Product specific direct energy intensities are not generally available from industry (as 
discussed in section 2.1). Any data that is available is often out of date, or the method 
and assumptions are not stated. Rarely is the data able to be compared to input-output 
data, due to differing frameworks, even for the calculation of direct energy intensities.  
The input-output-based hybrid analysis method may be conservative, in the respect that 
the indirect energy of direct energy paths was not necessarily modified because the 
product quantity for the path was modified. The view that the method is conservative 
overall is based on the observation that in most cases the modification process resulted 
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in significant increases for the direct energy value of paths. If these increases were 
carried through to the indirect energy, the total embodied energy result may have been 
considerably higher.  
The method used for the calculation of the modified proportion is preferable to previous 
error analysis methods for process-based hybrid analyses (discussed in sub-
section 2.3.1) because the relative reliability of the process analysis and input-output 
data does not have to be determined. The determination of the relative reliability of 
process analysis and input-output data is made difficult, inter alia, by the complexity of 
the transactions between sectors of the economy (as evidenced by the direct energy 
paths presented in chapter 3). Therefore, the method for the calculation of the modified 
proportion, described in chapter 4, focussed on quantifying the overall proportion of the 
result affected by the integrated process analysis data with direct energy paths, and 
hence is not subject to the problems associated with comparisons of the frameworks for 
process analysis and input-output data.  
5.4.4. Consideration of overall method 
All three of the input-output-based hybrid analysis methods discussed in chapter 2 were 
used in the analysis of the demonstration building in chapter 4. The new input-output-
based hybrid analysis method, proposed in chapter 2, comprised the modification of the 
most important direct energy paths in the input-output model using process analysis 
data for an individual product. However, this approach could not be followed in the 
application of the method to the demonstration building because, in most cases, the 
energy intensities required for the most important direct energy paths were not available 
in the literature (for example, the direct energy intensity of ‘banking’).  
Product quantities were used in the analysis of the demonstration building only if they 
were available. This approach comprised, for the most part, the second input-output-
based hybrid analysis method (ie, the addition of another sector to the input-output 
model representing the individual product, comprising the first previous input-output-
based hybrid analysis method). This occurred because product quantities that were 
available mostly comprised stage 1 inputs (for example, the amount of concrete used on 
site in the construction of the building). However, the indirect effects associated with 
the products quantified were not carried through, and therefore the benefit in reliability 
associated with the derived product quantities was limited to the direct energy intensity 
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value. This method of assessing the modified proportion did not suffer from the 
limitations of previous error analysis methods because, due to the derivation of a 
particular product quantity, the product quantities and direct energy intensities upstream 
from that node were not considered more reliable. 
Finally, the application of direct energy intensities derived using process analysis for 
eight selected sectors to all related direct energy paths in the top 592 was comparable to 
the substitution of process analysis data into the input-output model (ie, the other 
previous input-output-based hybrid analysis method). However, in this instance, the 
assumption that the substituted process analysis data is uniformly applicable was at least 
able to be considered in each discrete case because the affected direct energy paths were 
nominated. While all of the indirect effects of the derivation of these direct energy 
intensities may not have been desirable, the assumption that the indirect effects were all 
‘wanted’ was at least able to be stated exhaustively (even if this meant listing a hundred 
or so direct energy paths, appendix H, table H3).  
In summary, the combination of the three input-output-based hybrid analysis methods in 
the demonstration building analysis resulted in greater reliability than would otherwise 
have been possible using either of the three input-output-based hybrid analysis methods 
alone. However, the fundamental principle of the new input-output-based hybrid 
analysis method developed in this thesis pervaded every operation in the demonstration 
building analysis, as noted above for the other two input-output-based hybrid analysis 
methods (ie, that the modification of a direct energy path should affect only the direct 
energy value of the path). As long as this principle is followed, unwanted indirect 
effects cannot occur from the substitution of process analysis data into the 
comprehensive input-output framework, as described by direct energy paths, because 
they are mutually exclusive (ie, as confirmed in the investigation of the first 
hypothesis).  
However, while the second hypothesis was disproved in this instance, it is unlikely that 
this will occur for many basic products, including those from which buildings are 
constructed (for example, for the sectors shown in sub-section 3.4.2 to require only a 
few direct energy paths to describe more than 90% of their total energy intensity). 
Consequently, the new input-output-based hybrid analysis method will be more 
applicable in these cases. Therefore, it is possible that with a similar level of effort 
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demonstrated in chapter 4 for the input-output-based hybrid analysis of the 
demonstration building, many basic materials could be evaluated with greater reliability 
than has been hitherto possible. It is conceivable that more than 90% of the total energy 
intensity could be modified in these cases, including both the product quantities and 
direct energy intensities of the most important direct energy paths. However, this would 
not produce results that are more than 90% reliable. The relative reliability of the 
process analysis data used would have to be considered in each case, requiring a further 
measure of reliability (for example, such as demonstrated, inter alia, by Bullard et al, 
1978; and Pullen, 1995).  
Nevertheless, the input-output-based hybrid analysis method demonstrated here should 
still be used for the analysis of complex products, even if considerably less than 90% of 
the total embodied energy can be modified using process analysis data, because 
otherwise the embodied energy framework may be significantly incomplete. Instead, the 
modified proportion should be used to limit the applicability of the results. For example, 
one product may be found to have an embodied energy of 100 GJ, while another may be 
found to have an embodied energy of 200 GJ. However, if the modified proportions 
were 10% and 15% respectively, then the comparison would be invalid, because the 
other 90% and 85% in each case comprises input-output data of unknown reliability.  
If the modified proportions were 95% and 90% respectively, then the comparison would 
be likely to be valid, because it would be unlikely that variations in the process analysis 
data could have a significant affect (though this would have to be examined further, as 
discussed in the previous paragraph). However, in each case, due to the inclusion of the 
value of unmodified direct energy paths, the figures would be based on the 
comprehensive input-output framework, regardless of the modified proportion. 
Therefore, this research has demonstrated that improvements in the reliability of 
embodied energy analyses can be conducted within the consistently comprehensive 
framework represented by direct energy paths extracted from the input-output model.  
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6. Conclusion  
This thesis investigated how the incompleteness of previous embodied energy analysis 
methods relates to their unreliability. Process analysis methods, while accurate, are 
incomplete in framework, ignoring processes such as services, small inputs, and the 
manufacture of complex products from basic materials. Input-output analysis methods, 
while comprehensive in framework, are subject to inherent errors due to: 
• the use of economic data to simulate physical flows; and  
• the aggregation of the whole economy into one relatively simple matrix.  
The aim of this thesis, therefore, was “to develop a new embodied energy analysis 
method that allows reliable process analysis data to be integrated into the 
comprehensive, yet unreliable, input-output framework”. Two previous methods for 
combining process analysis data with input-output data were identified:  
• process-based hybrid analysis; and 
• input-output-based hybrid analysis. 
Previous process-based hybrid analysis methods were found to be subject to 
incompleteness, as noted above for process analysis, even though the framework is 
completed for the inputs that are included by the application of embodied energy data 
derived using input-output analysis, and were therefore rejected. Previous input-output-
based hybrid analysis methods, on the other hand, tend to be subject to unwanted 
indirect effects because case specific process analysis data is assumed to apply across 
the whole economy. A key deficiency in previous input-output-based hybrid analysis 
methods is that the input-output model is a ‘black box’. A new input-output-based 
hybrid analysis method was therefore proposed, requiring the decomposition of the 
input-output model into direct energy paths, which could then be modified using 
process analysis data without unwanted indirect effects.  
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Direct energy paths, at least theoretically, represent mutually exclusive components of 
the input-output model. However, this needed to be demonstrated for a level of 
complexity much higher than that likely to be used in applications of the new input-
output-based hybrid analysis method proposed in this thesis, because the modification 
of direct energy paths using process analysis data needed to be done accurately.  
The input-output model was decomposed into direct energy paths for the ‘residential 
building construction’ sector at a sufficient level of detail to be used as the basis for a 
hybrid analysis of an individual residential building. The number of direct energy paths 
required to describe 90% of the total energy intensity of ‘residential building 
construction’ was found to be 592. It was also found that 99.99997% of the total energy 
intensity of ‘residential building construction’, limited to four upstream transactions, 
was able to be described by approximately 23 million direct energy paths less than five 
transactions in length, demonstrating that direct energy paths represent mutually 
exclusive components of the overall total energy intensity.  
An individual residential building was used to demonstrate the application of the new 
input-output-based hybrid analysis method. The intention of this demonstration was to 
determine whether process analysis data could be collected for the building could be 
used to modify the direct energy paths describing 90% of the total embodied energy 
calculated for the building. Deliberately, a non-standard type of residential building was 
selected for the demonstration, to emphasis that the technique is most useful for non-
standard products. It was found that, while 76.2% of direct energy values of 187 of the 
592 direct energy paths were modified with process analysis data, only 51% of the total 
embodied energy was modified. For most of the modified direct energy paths, only one 
of the direct energy path components (ie, either the product quantity or the direct energy 
intensity) was modified. Therefore, the collection of process analysis data for the direct 
energy paths required to describe 90% of the total embodied energy of the 
demonstration building was unsuccessful, in this case, due to:  
• the complexity of the input-output model for ‘residential building construction’; and 
• the lack of reliable and consistent process analysis data from industry for the 
construction of the demonstration building and the processes required for the 
manufacture of inputs to the demonstration building. 
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While the input-output model used was the best currently available for Australia, many 
errors were likely to be carried through to the direct energy paths for ‘residential 
building construction’. Consequently, both the value and relative importance of the 
direct energy paths for ‘residential building construction’ were generally found to be a 
poor model for the demonstration building. This was expected. 
Nevertheless, in the absence of better data from industry, the input-output data is likely 
to remain the most appropriate for completing the framework of embodied energy 
analyses of many types of products—even in non-standard cases. ‘Residential building 
construction’ was one of the 22 most complex Australian economic sectors (ie, 
comprising those requiring between 592 and 3215 direct energy paths to describe 90% 
of their total energy intensities). Products from the other 87 non-energy sectors may be 
considered to be less complete than ‘residential building construction’. Thus, for many 
products of the Australian economy, the derivation of process analysis data is likely to 
result in higher proportions of the total embodied energy being comprised by the 
process analysis data than demonstrated for the demonstration building. The application 
of the new input-output-based hybrid analysis method to products which are more 
complex than ‘residential building construction’ will highlight areas requiring further 
research.  
Therefore, the aim of the thesis has been achieved, because varying amounts of process 
analysis data for different products can now be incorporated into a comprehensive 
framework based on direct energy paths derived from the input-output model.  
6.1. Further research 
To ensure that future applications of the new input-output-based hybrid analysis method 
produce more reliable results, new sources of process analysis data are required, 
including those processes not examined in the application of the new input-output-based 
hybrid analysis method for the demonstration building. These include:  
• ancillary activities (for example, operation of construction firm office buildings);  
• inputs of services (for example, ‘banking’);  
• ‘self inputs’ (for example, the ‘iron and steel’ used to make ‘iron and steel’); and  
• ‘further processing’ of basic materials into complex products.  
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The potential impact of sector classification errors also needs to be addressed in future 
applications of the new input-output-based hybrid analysis method. For example, an 
important direct energy path may be identified involving the sector ‘ceramic products’, 
but it may be unclear whether inputs of clay bricks or other ceramic products are 
involved. 
The derivation of an improved input-output model for Australia is a priority, including a 
set of variable energy tariffs and more comprehensive and reliable primary energy 
factors. The latter may be derived through application of the new input-output-based 
hybrid analysis method to products of the four energy supply sectors. 
The new input-output-based hybrid analysis method demonstrated here could be applied 
in other countries, but with varying results. Better input-output models (for example, 
energy input-output tables) may be available, but the new input-output-based hybrid 
analysis method would still be useful because—even for homogenous sectors—the 
framework of a process analysis is likely to be severely incomplete. Even if the input-
output model indicates that there a few important direct energy paths for a sector, the 
direct energy path model will indicate which direct energy paths should be checked first 
to make sure they are as small as indicated by the national average input-output 
statistics. For countries with less sophisticated input-output models than Australia, such 
as those with fewer sectors, the new input-output-based hybrid analysis method is even 
more valuable because the benefits of displacing input-output data with process analysis 
are higher but such benefits still needs to be considered in a comprehensive framework. 
The new input-output-based hybrid analysis method could also be used in the analysis 
of other environmental impacts (such as in a life-cycle assessment). Where sector 
average emissions data are available, and it is unlikely that process specific data will be 
able to be derived, it may be desirable to assume that the sector average emissions apply 
across all purchases from the sector under consideration. In these cases, analysis of the 
indirect effects of applying process analysis data across the economy could be done 
using the sensitivity analysis method (demonstrated by Siebe, 1996). The algorithms for 
such future applications of sensitivity analysis are already developed, and are contained 
in appendix C, involving the ‘Sensitivity’ and ‘RelatedPaths’ sub-routines. 
The new input-output-based hybrid analysis method should be tested on other 
residential buildings, and other building types and products. It is expected that the value 
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of the new input-output-based hybrid analysis method will be higher for less complex 
products. For example, for a database of hybrid embodied energy values for individual 
building materials and products (such as derived by the author for Tucker et al, 1996), it 
would be useful to have a statistic for each material or product giving the proportion of 
the figure comprising process analysis data. Such a statistic would represent a measure 
of the relative reliability of the various hybrid figures. It is unlikely that most of the 
figures would have a process analysis proportion higher than 80%, and many products 
may have a process analysis proportion less than 50% (for example, if they are of 
similar complexity to a whole residential building). Consequently, the relative quality of 
the process analysis data is likely to be less important than the displacement of input-
output data caused by the derivation and integration of more process analysis data.  
The relative amount of input-output data indicates the proportion of the figure that can 
vary widely due to errors inherent to the input-output model. However, it is better to 
include these input-output amounts than to exclude them, because the input-output 
model often produces results which are sufficiently accurate (as shown by Bullard et al 
1978 and Pullen, 1995). The pure input-output figures may have errors representing a 
factor or 2 or 3. However, considering the large range of values for direct energy paths, 
this is not significant. Even if a path with a very small initial input-output value has 
large errors, it may not be worth deriving process analysis data for it if, in a worst case 
situation, it is smaller in value than other paths for which no process analysis data has 
been derived. 
A technique of calculating the modified proportion for an elemental analysis of a 
building should also be developed. The proportion of each element of a building (for 
example, ‘external walls’) comprising the more reliable process analysis data could then 
be determined. This would be useful in determining the validity of comparisons 
between different designs for elements or items in a building. This approach differs to 
that discussed in the previous paragraph for a database of embodied energy values for 
individual building materials and products because an element may comprise many 
individual materials or products. 
Graham J. Treloar June 1998 A Comprehensive Embodied Energy Analysis Framework  
Appendices  page 239 
Appendix A Relationship between the 25 sector groups and the 113 
sectors  
The purpose of this appendix is to enable discussion of the usefulness of the ABARE energy usage data 
(Bush et al, 1993) for the derivation of variable energy tariffs for the Australian economy (sub-
section 3.1.2. This appendix was also used to select sectors for which to derive direct energy intensities 
using the ABARE data for the demonstration building input-output-based hybrid analysis (sub-
section 4.2.3).  
In the case of the 25 sector groups, the code refers to that given by Bush et al (1993). In the case of the 
113 sectors, the code refers to the serial sector numbers. The 25 sector groups do not comprise sectors 
which run sequentially (for example, sector number 76). Several sector groups comprise single sectors, 
while others comprise as many as 24 sectors.  
 
25 sector groups  113 sectors  
code name code name 
A agric, forestry and fishing 1 sheep 
  2 grains 
  3 beef cattle 
  4 dairy cattle 
  5 pigs 
  6 poultry 
  7 other agriculture 
  8 services to agriculture; hunting and trapping 
  9 forestry and logging 
  10 commercial fishing 
B mining 11 coal, oil and gas 
  12 iron ores 
  13 non-ferrous metal ores 
  14 other mining 
  15 services to mining 
C 21 food, bev and tobacco 16 meat and meat prod 
  17 dairy prod 
  18 fruit and vegetable prod 
  19 oils and fats 
  20 flour mill prod and cereal foods 
  21 bakery prod 
  22 confectionery 
  23 other food prod 
  24 soft drinks, cordials and syrups 
  25 beer and malt 
  26 wine and spirits 
  27 tobacco prod 
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25 sector groups  113 sectors  
C 23-24 textiles, clothing, footwear 28 wool scouring 
  29 textile fibres, yarns and woven fabrics 
  30 textile prod 
  31 knitting mill prod 
  32 clothing 
  33 footwear 
  34 leather and leather prod 
C 25 wood prod & furniture 35 sawmill prod 
  36 plywood, veneer and fabricated wood 
  37 other wood prod 
  76 furniture 
C 26 paper & paper prod 38 pulp, paper and paper 
  39 paper cont; paper bags and sacks 
  40 other paper prod 
  41 printing and services to printing 
  42 pub; recorded media and pub 
C 277 petroleum refining 43 petroleum, coal prod 
code name code name 
C 275 basic chemicals 44 fertilisers 
  45 other basic chemicals 
  46 paints 
  47 medicinal and pharmaceutical prod; pesticides 
  48 soap and other detergents 
  49 cosmetics and toiletry preparations 
  50 other chemical prod 
  51 rubber prod 
  52 plastic prod 
C 28 non-metallic mineral prod 53 glass and glass prod 
  54 ceramic prod 
  55 cement and lime 
  56 concrete slurry 
  57 plaster and other concrete prod 
  58 other non-metallic mineral prod 
C 294 basic iron and steel 59 iron and steel 
C 295-6 basic non-ferrous metals 60 basic non-ferrous metal and prod 
C 31 fabricated metal prod 61 structural metal prod 
  62 sheet metal prod 
  63 fabricated metal prod 
C 32 transport equ 64 cars and parts; other transport equ 
  65 ships and boats 
  66 railway equ 
  67 aircraft 
C 33 other machinery and equ 68 photographic and scientific equ 
  69 electronic equ 
  70 household appliances 
  71 other electrical equ 
  72 agricultural machinery 
  73 mining & cons mach; lift & mat hand equ 
  74 other machinery and equ 
C 34 misc manufacturing 77 other manufacturing 
C 361 electricity 78 electricity supply 
C 362 gas 79 gas supply 
C 37 water, sewerage, drainage 80 water supply; sewerage and drainage services 
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25 sector groups  113 sectors  
E construction 81 residential building construction 
  82 other construction 
  75 prefabricated buildings 
F,H,I,J,K,L commercial services 83 wholesale trade 
  84 retail trade 
  87 accommodation, cafes and restaurants 
  93 communication services 
  94 banking 
  95 non-bank finance 
  96 financial asset investors 
  97 insurance 
  98 services to finance, investment and insurance 
  99 ownership of dwellings 
  100 other property services 
  101 scientific research, tech and computer services 
  102 legal, accounting, mark and bus man services 
  103 other business services 
  104 government administration 
  105 defence 
  106 education 
  107 health services 
  108 community services 
  109 motion picture, radio and television services 
  110 libraries, museums and the arts 
  111 sport, gambling and recreational services 
  112 personal services 
  113 other services 
G 51 road transport 88 road transport 
G 52 railway transport 89 rail, pipeline and other transport 
G 53 water transport 90 water transport 
G 54 air transport 91 air and space transport 
G 55-58 other tran, serv & storage 92 services to transport; storage 
  85 mechanical repairs 
  86 other repairs 
Source: after Bush et al, 1993, pp. 68-69, NB some sector names were abbreviated 
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Appendix B Energy intensities, non-energy sectors, Australia 1992-93  
The purpose of this appendix is to present the raw results from the input-output model for the non-energy 
sectors of the Australian economy 1992-93. Four tables are incorporated in this appendix, B1 to B4, 
comprising: 
1. direct and total energy intensities for non-energy sectors; 
2. fuel splits for the direct energy intensities for non-energy sectors;  
3. proportions of total energy intensities embodied at stages zero though six; and 
4. comparison between total energy intensities derived using the power series approximation and the 
Leontief inverse input-output matrix. 
Sectors are in sequential order in each table, as indicated by code numbers in appendix A. ‘Residential 
building construction’ is in bold. In each case, the direct and total energy intensities for energy supply 
sectors are zero, due to the measure to exclude the energy embodied in fuels (sub-section 3.1.1). 
Table B1 Direct and total energy intensities  
 
 
sector 
direct energy 
intensity 
(GJ/$100) 
total energy 
intensity 
(GJ/$100) 
sheep 0.6303 1.0380 
grains 1.1830 1.6247 
beef cattle 0.7710 1.2353 
dairy cattle 0.6351 1.1197 
pigs 0.6455 1.3950 
poultry 0.2854 0.9430 
other agriculture 0.8361 1.2288 
services to agriculture; hunting and trapping 0.8433 1.0746 
forestry and logging 0.6293 1.1367 
commercial fishing 2.0041 2.3739 
iron ores 1.2592 1.5092 
non-ferrous metal ores 1.7580 2.2041 
other mining 0.9295 1.1828 
services to mining 0.1577 0.6051 
meat and meat prod 0.4057 1.2629 
dairy prod 0.6686 1.5182 
fruit and vegetable prod 1.2066 2.0554 
oils and fats 0.2661 1.0303 
flour mill prod and cereal foods 0.6075 1.3418 
bakery prod 0.6030 1.1755 
confectionery 0.2869 0.7721 
other food prod 0.4582 1.3342 
soft drinks, cordials and syrups 0.4546 1.3227 
beer and malt 0.5465 1.1813 
wine and spirits 0.3120 1.1245 
tobacco prod 0.3024 0.7203 
wool scouring 0.0182 0.7940 
textile fibres, yarns and woven fabrics 0.4569 0.9800 
textile prod 0.3515 0.7891 
knitting mill prod 0.2238 0.5480 
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sector direct EI (GJ/$100) total EI (GJ/$100) 
clothing 0.1052 0.4632 
footwear 0.1025 0.4657 
leather and leather prod 0.1979 0.9013 
sawmill prod 0.3746 0.8661 
plywood, veneer and fabricated wood 0.9289 1.7824 
other wood prod 0.0885 0.6890 
pulp, paper and paper 2.1539 2.6722 
paper cont; paper bags and sacks 0.4116 1.1021 
other paper prod 1.1270 1.6934 
printing and services to printing 0.2198 0.7295 
pub; recorded media and pub 0.1547 0.5005 
fertilisers 2.1086 2.7921 
other basic chemicals 2.3320 3.1848 
paints 0.2388 0.9497 
medicinal and pharmaceutical prod; pesticides 0.1946 0.6097 
soap and other detergents 0.2601 0.9465 
cosmetics and toiletry preparations 0.1345 0.7294 
other chemical prod 0.4545 1.1171 
rubber prod 0.3385 0.7449 
plastic prod 0.3094 1.1138 
glass and glass prod 2.7506 3.3431 
ceramic prod 4.4938 5.0554 
cement and lime 6.9607 7.4697 
concrete slurry 0.1800 2.4497 
plaster and other concrete prod 0.6030 1.8678 
other non-metallic mineral prod 1.6522 2.5387 
iron and steel 1.3219 2.5330 
basic non-ferrous metal and prod 3.7868 4.6525 
structural metal prod 0.0889 1.0657 
sheet metal prod 0.1932 1.3850 
fabricated metal prod 0.4935 1.3306 
cars and parts; other transport equ 0.2185 0.9261 
ships and boats 0.2201 0.9132 
railway equ 0.1048 0.6892 
aircraft 0.2899 0.7528 
photographic and scientific equ 0.1439 0.4582 
electronic equ 0.0860 0.4138 
household appliances 0.1934 0.7738 
other electrical equ 0.2064 1.0963 
agricultural machinery 0.2262 0.8841 
mining and construction mach; lifting & mat hand equ 0.1442 0.9407 
other machinery and equ 0.1324 0.8289 
prefabricated buildings 0.0957 1.1100 
furniture 0.1197 0.7991 
other manufacturing 0.3269 1.0726 
water supply; sewerage and drainage services 1.0401 1.2374 
residential building construction 0.1446 0.8510 
other construction 0.1540 0.6179 
wholesale trade 0.2579 0.4806 
retail trade 0.2134 0.4820 
mechanical repairs 0.1329 0.3400 
other repairs 0.7257 0.8663 
accommodation, cafes and restaurants 0.5280 0.9658 
road transport 1.1711 1.3408 
rail, pipeline and other transport 0.6237 0.7949 
water transport 0.8477 1.2384 
air and space transport 2.2861 2.5308 
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sector direct EI (GJ/$100) total EI (GJ/$100) 
services to transport; storage 0.8354 1.1109 
communication services 0.3452 0.5448 
banking 0.1068 0.2984 
non-bank finance 0.0381 0.2566 
financial asset investors 0.0904 0.2016 
insurance 0.0668 0.2526 
services to finance, investment and insurance 0.0681 0.1752 
ownership of dwellings 0.0266 0.2248 
other property services 0.3930 0.6480 
scientific research, technical and computer services 0.4566 0.7027 
legal, accounting, marketing and business man services 0.4123 0.6689 
other business services 0.4267 0.6816 
government administration 0.5247 0.9298 
defence 0.5487 0.9178 
education 0.0304 0.0782 
health services 0.5466 0.7000 
community services 0.5846 0.8857 
motion picture, radio and television services 0.2676 0.6579 
libraries, museums and the arts 0.1275 0.3115 
sport, gambling and recreational services 0.2285 0.5637 
personal services 1.1439 1.4912 
other services 0.3796 0.5776 
mean  0.6677 1.1990 
NB EI means energy intensity  
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Table B2 Fuel splits for direct energy intensities, by energy supply sector 
sector  coal, oil & gas pet, coal prod elec supply gas supply 
sheep 1.844% 70.040% 28.116% 0.000% 
grains 0.216% 95.155% 4.628% 0.000% 
beef cattle 0.917% 88.533% 10.550% 0.000% 
dairy cattle 1.351% 48.420% 45.025% 5.204% 
pigs 1.135% 48.526% 45.124% 5.215% 
poultry 23.474% 22.981% 53.545% 0.000% 
other agriculture 1.103% 72.156% 26.740% 0.000% 
services to agri; hunting and trapping 11.054% 70.347% 11.650% 6.949% 
forestry and logging 2.204% 94.596% 2.002% 1.197% 
commercial fishing 0.002% 95.043% 4.074% 0.880% 
iron ores 1.340% 36.153% 21.298% 41.209% 
non-ferrous metal ores 10.325% 41.214% 46.763% 1.698% 
other mining 1.553% 65.921% 30.166% 2.360% 
services to mining 5.769% 88.076% 5.979% 0.177% 
meat and meat prod 29.562% 19.550% 27.834% 23.054% 
dairy prod 53.969% 15.808% 17.211% 13.012% 
fruit and vegetable prod 17.707% 61.030% 10.838% 10.424% 
oils and fats 36.302% 7.479% 19.305% 36.915% 
flour mill prod and cereal foods 28.324% 6.440% 34.103% 31.133% 
bakery prod 9.500% 21.503% 24.598% 44.399% 
confectionery 16.017% 12.310% 32.767% 38.905% 
other food prod 29.593% 21.883% 18.156% 30.368% 
soft drinks, cordials and syrups 7.939% 66.396% 13.535% 12.130% 
beer and malt 20.951% 3.822% 20.638% 54.589% 
wine and spirits 25.234% 28.579% 35.441% 10.746% 
tobacco prod 30.661% 19.910% 31.693% 17.736% 
wool scouring 26.738% 51.670% 7.547% 14.045% 
textile fibres, yarns and woven fabrics 37.208% 9.904% 20.848% 32.040% 
textile prod 18.889% 19.326% 25.962% 35.824% 
knitting mill prod 13.346% 12.539% 39.160% 34.955% 
clothing 4.401% 15.322% 56.176% 24.101% 
footwear 4.262% 21.827% 66.024% 7.888% 
leather and leather prod 24.497% 17.824% 24.870% 32.809% 
sawmill prod 10.477% 60.317% 26.757% 2.449% 
plywood, veneer and fabricated wood 11.478% 18.608% 30.797% 39.117% 
other wood prod 9.813% 47.482% 38.044% 4.661% 
pulp, paper and paper 47.360% 9.734% 25.262% 17.644% 
paper cont; paper bags and sacks 14.298% 30.094% 21.717% 33.891% 
other paper prod 56.133% 10.016% 19.155% 14.696% 
printing and services to printing 4.693% 35.970% 43.876% 15.462% 
pub; recorded media and pub 1.567% 64.284% 29.582% 4.566% 
fertilisers 2.388% 10.157% 7.754% 79.701% 
other basic chemicals 45.514% 29.610% 11.022% 13.853% 
paints 7.893% 61.001% 15.449% 15.656% 
medicinal and pharm prods; pesticides 10.878% 12.430% 39.993% 36.700% 
soap and other detergents 14.592% 26.261% 24.111% 35.035% 
cosmetics and toiletry preparations 8.613% 35.492% 34.217% 21.677% 
other chemical prod 22.297% 34.494% 18.198% 25.011% 
rubber prod 11.282% 27.657% 31.741% 29.320% 
plastic prod 6.590% 14.658% 57.862% 20.889% 
glass and glass prod 8.404% 3.939% 11.706% 75.951% 
ceramic prod 20.760% 5.804% 8.801% 64.635% 
cement and lime 44.177% 12.240% 7.184% 36.399% 
concrete slurry 1.409% 58.632% 39.269% 0.690% 
plaster and other concrete prod 14.438% 20.409% 14.303% 50.850% 
other non-metallic mineral prod 13.624% 6.967% 14.858% 64.552% 
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sector  coal, oil & gas pet, coal prod elec supply gas supply 
iron and steel 61.111% 15.998% 8.489% 14.402% 
basic non-ferrous metal and prod 41.082% 16.101% 14.815% 28.002% 
structural metal prod 18.367% 40.206% 28.232% 13.194% 
sheet metal prod 12.219% 32.024% 25.289% 30.468% 
fabricated metal prod 31.410% 17.251% 20.183% 31.157% 
cars and parts; oth trans equ 19.230% 13.557% 30.391% 36.822% 
ships and boats 37.771% 46.424% 11.745% 4.059% 
railway equ 29.971% 21.881% 39.956% 8.192% 
aircraft 9.801% 17.675% 47.823% 24.701% 
photographic and scientific equ 20.411% 12.367% 42.699% 24.524% 
electronic equ 10.516% 16.766% 50.960% 21.758% 
household appliances 9.348% 7.500% 29.280% 53.871% 
other electrical equ 8.592% 22.447% 38.224% 30.737% 
agricultural machinery 19.942% 20.433% 34.471% 25.155% 
min & cons mch; lift & mat hnd equ 18.818% 32.918% 34.245% 14.018% 
other machinery and equ 19.307% 31.575% 34.559% 14.560% 
prefabricated buildings 16.497% 40.984% 31.017% 11.503% 
furniture 7.918% 34.957% 42.885% 14.240% 
other manufacturing 51.161% 19.117% 19.610% 10.112% 
water sup; sew and drainage services 0.229% 49.092% 50.679% 0.000% 
residential building construction 7.225% 60.467% 8.597% 23.711% 
other construction 3.931% 67.643% 18.688% 9.737% 
wholesale trade 2.203% 53.757% 17.009% 27.031% 
retail trade 5.734% 53.552% 36.396% 4.319% 
mechanical repairs 0.084% 10.605% 80.354% 8.957% 
other repairs 0.027% 55.814% 39.154% 5.005% 
accommodation, cafes and restaurants 5.971% 5.072% 45.904% 43.053% 
road transport 1.431% 93.830% 4.210% 0.529% 
rail, pipeline and other transport 6.349% 64.781% 28.204% 0.666% 
water transport 1.358% 96.710% 1.883% 0.048% 
air and space transport 0.056% 98.081% 1.398% 0.465% 
services to transport; storage 1.399% 50.511% 45.138% 2.953% 
communication services 6.149% 49.328% 20.475% 24.048% 
banking 7.044% 12.534% 77.105% 3.318% 
non-bank finance 1.037% 32.405% 60.776% 5.783% 
financial asset investors 6.472% 32.356% 58.158% 3.014% 
insurance 0.471% 31.265% 48.593% 19.671% 
services to finance, investment and ins 4.859% 32.063% 55.588% 7.490% 
ownership of dwellings 0.031% 29.706% 44.654% 25.609% 
other property services 0.398% 37.783% 48.985% 12.834% 
scientific research, tech and comp serv 1.128% 43.652% 44.904% 10.316% 
legal, account, mark and bus man serv 0.069% 36.388% 51.785% 11.757% 
other business services 1.361% 41.773% 45.664% 11.201% 
government administration 2.812% 7.624% 80.097% 9.466% 
defence 30.616% 42.241% 24.328% 2.816% 
education 8.564% 2.324% 38.523% 50.589% 
health services 3.116% 10.038% 46.396% 40.450% 
community services 5.817% 60.659% 24.273% 9.252% 
motion picture, radio and tele serv 3.649% 29.133% 59.861% 7.356% 
libraries, museums and the arts 4.648% 24.310% 54.464% 16.578% 
sport, gambling and rec services 3.649% 29.133% 59.861% 7.356% 
personal services 1.483% 57.799% 30.956% 9.762% 
other services 5.905% 60.687% 24.160% 9.248% 
NB some sector names were abbreviated 
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Table B3 Proportion of total energy intensities energy embodied at stages 0 to 6 
sector  stage 0 stage 1 stage 2 stage 3 stage 4 stage 5 stage 6 
sheep 60.7% 26.5% 7.4% 3.2% 1.3% 0.5% 0.2% 
grains 72.8% 19.2% 4.9% 1.9% 0.7% 0.3% 0.1% 
beef cattle 62.4% 25.3% 7.3% 3.0% 1.2% 0.5% 0.2% 
dairy cattle 56.7% 25.2% 10.9% 4.4% 1.7% 0.7% 0.3% 
pigs 46.3% 33.8% 12.3% 4.6% 1.8% 0.7% 0.3% 
poultry 30.3% 33.8% 21.8% 8.8% 3.3% 1.3% 0.5% 
other agriculture 68.0% 21.6% 6.1% 2.5% 1.0% 0.4% 0.2% 
services to agri; hunting and trapping 78.5% 12.8% 5.1% 2.2% 0.9% 0.3% 0.1% 
forestry and logging 55.4% 19.0% 17.8% 5.2% 1.7% 0.6% 0.2% 
commercial fishing 84.4% 7.1% 4.9% 2.2% 0.8% 0.3% 0.1% 
iron ores 83.4% 10.8% 3.4% 1.4% 0.6% 0.2% 0.1% 
non-ferrous metal ores 79.8% 11.8% 4.9% 2.2% 0.8% 0.3% 0.1% 
other mining 78.6% 13.3% 4.5% 2.2% 0.9% 0.3% 0.1% 
services to mining 26.1% 42.9% 18.5% 7.6% 3.0% 1.2% 0.5% 
meat and meat prod 32.1% 39.3% 17.8% 6.5% 2.6% 1.0% 0.4% 
dairy prod 44.0% 30.1% 14.8% 6.6% 2.7% 1.1% 0.4% 
fruit and vegetable prod 58.7% 21.1% 12.5% 4.9% 1.8% 0.7% 0.2% 
oils and fats 25.8% 42.5% 19.7% 7.5% 2.8% 1.1% 0.4% 
flour mill prod and cereal foods 45.3% 32.9% 13.7% 5.0% 1.9% 0.7% 0.3% 
bakery prod 51.3% 23.7% 15.0% 6.2% 2.3% 0.9% 0.3% 
confectionery 37.2% 31.1% 19.5% 7.6% 2.8% 1.1% 0.4% 
other food prod 34.3% 39.7% 16.2% 6.0% 2.3% 0.9% 0.3% 
soft drinks, cordials and syrups 34.4% 31.6% 21.3% 8.2% 2.9% 1.0% 0.4% 
beer and malt 46.3% 27.6% 15.9% 6.5% 2.4% 0.9% 0.3% 
wine and spirits 27.7% 43.6% 18.6% 6.4% 2.3% 0.9% 0.3% 
tobacco prod 42.0% 36.2% 13.7% 5.0% 2.0% 0.8% 0.3% 
wool scouring 2.3% 58.5% 25.7% 8.0% 3.4% 1.3% 0.5% 
textile fibres, yarns and woven fab 46.6% 33.0% 12.6% 4.8% 1.8% 0.7% 0.3% 
textile prod 44.5% 28.4% 16.7% 6.5% 2.4% 0.9% 0.4% 
knitting mill prod 40.8% 30.8% 17.1% 6.9% 2.7% 1.0% 0.4% 
clothing 22.7% 38.3% 23.5% 9.4% 3.7% 1.4% 0.6% 
footwear 22.0% 29.3% 23.6% 14.2% 6.5% 2.6% 1.0% 
leather and leather prod 22.0% 32.2% 25.2% 12.4% 5.0% 2.0% 0.8% 
sawmill prod 43.3% 32.7% 12.9% 6.7% 2.7% 1.0% 0.4% 
plywood, veneer and fab wood 52.1% 26.1% 12.5% 5.5% 2.3% 0.9% 0.3% 
other wood prod 12.8% 44.8% 25.1% 10.1% 4.4% 1.7% 0.7% 
pulp, paper and paper 80.6% 13.0% 3.6% 1.8% 0.7% 0.2% 0.1% 
paper cont; paper bags and sacks 37.3% 41.6% 13.5% 4.7% 1.8% 0.7% 0.3% 
other paper prod 66.6% 21.2% 7.8% 2.7% 1.0% 0.4% 0.1% 
printing and services to printing 30.1% 49.7% 13.0% 4.3% 1.8% 0.7% 0.3% 
pub; recorded media and pub 30.9% 42.8% 16.0% 6.2% 2.5% 1.0% 0.4% 
fertilisers 75.5% 15.8% 5.3% 2.1% 0.8% 0.3% 0.1% 
other basic chemicals 73.2% 19.0% 5.2% 1.6% 0.6% 0.2% 0.1% 
paints 25.1% 50.4% 16.5% 5.2% 1.8% 0.7% 0.2% 
medicinal and pharm prod; pesticides 31.9% 32.6% 20.0% 9.2% 3.8% 1.5% 0.6% 
soap and other detergents 27.5% 42.6% 19.2% 6.8% 2.4% 0.9% 0.3% 
cosmetics and toiletry preparations 18.4% 47.8% 21.7% 7.7% 2.7% 1.0% 0.4% 
other chemical prod 40.7% 33.4% 16.2% 6.2% 2.2% 0.8% 0.3% 
rubber prod 45.5% 31.6% 14.3% 5.3% 2.0% 0.8% 0.3% 
plastic prod 27.8% 47.1% 16.9% 5.4% 1.8% 0.7% 0.2% 
glass and glass prod 82.3% 12.9% 3.2% 1.0% 0.4% 0.1% 0.1% 
ceramic prod 88.9% 8.3% 1.9% 0.6% 0.2% 0.1% 0.0% 
cement and lime 93.2% 4.8% 1.3% 0.4% 0.2% 0.1% 0.0% 
concrete slurry 7.3% 81.7% 7.1% 2.3% 0.9% 0.4% 0.1% 
plaster and other concrete prod 32.3% 53.0% 9.8% 3.0% 1.1% 0.4% 0.2% 
other non-metallic mineral prod 65.1% 25.7% 6.0% 2.0% 0.8% 0.3% 0.1% 
iron and steel 52.2% 32.2% 10.6% 3.3% 1.1% 0.4% 0.1% 
basic non-ferrous metal and prod 81.4% 14.5% 2.7% 0.9% 0.3% 0.1% 0.1% 
structural metal prod 8.3% 46.4% 27.4% 11.3% 4.2% 1.5% 0.6% 
sector  stage 0 stage 1 stage 2 stage 3 stage 4 stage 5 stage 6 
sheet metal prod 14.0% 52.7% 22.1% 7.3% 2.5% 0.9% 0.3% 
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fabricated metal prod 37.1% 36.3% 16.9% 6.3% 2.2% 0.8% 0.3% 
cars and parts; other trans equ 23.6% 41.2% 22.1% 8.4% 3.0% 1.1% 0.4% 
ships and boats 24.1% 37.0% 23.8% 9.7% 3.5% 1.3% 0.5% 
railway equ 15.2% 18.5% 33.4% 19.6% 8.3% 3.1% 1.2% 
aircraft 38.5% 28.9% 19.4% 8.3% 3.1% 1.1% 0.4% 
photographic and scientific equ 31.4% 36.2% 20.1% 7.7% 2.8% 1.0% 0.4% 
electronic equ 20.8% 40.5% 23.9% 9.4% 3.4% 1.3% 0.5% 
household appliances 25.0% 37.0% 24.4% 8.9% 3.0% 1.1% 0.4% 
other electrical equ 18.8% 51.8% 19.5% 6.4% 2.2% 0.8% 0.3% 
agricultural machinery 25.6% 36.3% 24.4% 9.0% 3.0% 1.1% 0.4% 
mining and cons mach 15.3% 44.2% 26.0% 9.5% 3.2% 1.1% 0.4% 
other machinery and equ 16.0% 45.0% 25.0% 9.2% 3.1% 1.1% 0.4% 
prefabricated buildings 8.6% 45.8% 27.4% 11.3% 4.3% 1.6% 0.6% 
furniture 15.0% 46.3% 23.8% 9.2% 3.6% 1.4% 0.5% 
other manufacturing 30.5% 39.9% 18.7% 6.9% 2.5% 0.9% 0.3% 
water supply; sew and drainage serv 84.1% 10.2% 3.5% 1.4% 0.5% 0.2% 0.1% 
residential building construction 17.0% 43.8% 26.6% 7.9% 2.9% 1.1% 0.4% 
other construction 24.9% 30.5% 30.6% 8.8% 3.2% 1.2% 0.5% 
wholesale trade 53.7% 28.0% 11.1% 4.4% 1.7% 0.7% 0.3% 
retail trade 44.3% 31.0% 14.8% 6.0% 2.3% 0.9% 0.4% 
mechanical repairs 39.1% 22.3% 21.5% 10.7% 4.1% 1.5% 0.5% 
other repairs 83.8% 7.9% 4.8% 2.2% 0.8% 0.3% 0.1% 
accom, cafes and restaurants 54.7% 26.0% 11.1% 5.1% 1.9% 0.8% 0.3% 
road transport 87.3% 6.8% 3.3% 1.6% 0.6% 0.2% 0.1% 
rail, pipeline and other transport 78.5% 8.2% 6.6% 4.0% 1.7% 0.7% 0.2% 
water transport 68.4% 18.9% 7.3% 3.3% 1.3% 0.5% 0.2% 
air and space transport 90.3% 5.4% 2.4% 1.1% 0.5% 0.2% 0.1% 
services to transport; storage 75.2% 16.1% 5.0% 2.2% 0.9% 0.4% 0.1% 
communication services 63.4% 21.9% 8.7% 3.7% 1.4% 0.5% 0.2% 
banking 35.8% 37.9% 15.7% 6.4% 2.6% 1.0% 0.4% 
non-bank finance 14.9% 42.2% 25.4% 10.5% 4.2% 1.7% 0.7% 
financial asset investors 44.8% 32.9% 13.3% 5.4% 2.2% 0.9% 0.3% 
insurance 26.5% 39.8% 20.2% 8.2% 3.2% 1.3% 0.5% 
services to finance, invest and ins 38.9% 35.6% 15.3% 6.2% 2.5% 1.0% 0.4% 
ownership of dwellings 11.8% 51.9% 21.4% 9.4% 3.4% 1.3% 0.5% 
other property services 60.6% 24.0% 9.3% 3.7% 1.5% 0.6% 0.2% 
scienctific res, techn & comp serv 65.0% 21.3% 8.2% 3.3% 1.3% 0.5% 0.2% 
legal, account, mark & bus man serv 61.6% 23.5% 9.0% 3.6% 1.4% 0.6% 0.2% 
other business services 62.6% 23.0% 8.6% 3.4% 1.4% 0.5% 0.2% 
government administration 56.4% 26.1% 10.6% 4.1% 1.6% 0.6% 0.2% 
defence 59.8% 19.2% 11.1% 6.2% 2.3% 0.9% 0.3% 
education 38.9% 32.7% 16.6% 7.1% 2.8% 1.1% 0.4% 
health services 78.1% 12.9% 5.2% 2.2% 0.9% 0.4% 0.1% 
community services 66.0% 21.4% 7.4% 3.1% 1.3% 0.5% 0.2% 
motion picture, radio and tele serv 40.7% 33.4% 15.1% 6.5% 2.7% 1.1% 0.4% 
libraries, museums and the arts 40.9% 32.9% 15.2% 6.5% 2.7% 1.1% 0.4% 
sport, gambling and rec services 40.5% 33.5% 15.1% 6.5% 2.7% 1.1% 0.4% 
personal services 76.7% 13.1% 6.3% 2.4% 0.9% 0.4% 0.1% 
other services 65.7% 21.6% 7.5% 3.1% 1.3% 0.5% 0.2% 
NB some sector names were abbreviated 
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Table B4 Comparison of total energy intensities derived using power series 
approximation and Leontief inverse input-output matrix  
 
sector  
power series approximation 
(GJ/$100) (A) 
Leontief inverse  
(GJ/$100) (B) 
comparison 
(A / B) 
sheep 1.0380 1.0382 99.981% 
grains 1.6247 1.6247 100.003% 
beef cattle 1.2353 1.2355 99.981% 
dairy cattle 1.1197 1.1197 100.004% 
pigs 1.3950 1.3950 100.001% 
poultry 0.9430 0.9428 100.028% 
other agriculture 1.2288 1.2289 99.994% 
services to agriculture; hunting and trapping 1.0746 1.0747 99.992% 
forestry and logging 1.1367 1.1367 100.002% 
commercial fishing 2.3739 2.3738 100.003% 
iron ores 1.5092 1.5093 99.988% 
non-ferrous metal ores 2.2041 2.2038 100.011% 
other mining 1.1828 1.1828 100.003% 
services to mining 0.6051 0.6052 99.984% 
meat and meat prod 1.2629 1.2630 99.997% 
dairy prod 1.5182 1.5181 100.004% 
fruit and vegetable prod 2.0554 2.0551 100.012% 
oils and fats 1.0303 1.0307 99.967% 
flour mill prod and cereal foods 1.3418 1.3422 99.970% 
bakery prod 1.1755 1.1755 100.005% 
confectionery 0.7721 0.7722 99.983% 
other food prod 1.3342 1.3343 99.990% 
soft drinks, cordials and syrups 1.3227 1.3227 100.005% 
beer and malt 1.1813 1.1816 99.976% 
wine and spirits 1.1245 1.1241 100.042% 
tobacco prod 0.7203 0.7204 99.987% 
wool scouring 0.7940 0.7941 99.989% 
textile fibres, yarns and woven fabrics 0.9800 0.9804 99.964% 
textile prod 0.7891 0.7889 100.025% 
knitting mill prod 0.5480 0.5484 99.932% 
clothing 0.4632 0.4632 99.982% 
footwear 0.4657 0.4657 100.003% 
leather and leather prod 0.9013 0.9014 99.988% 
sawmill prod 0.8661 0.8658 100.030% 
plywood, veneer and fabricated wood 1.7824 1.7820 100.026% 
other wood prod 0.6890 0.6889 100.014% 
pulp, paper and paper 2.6722 2.6722 100.002% 
paper cont;paper bags and sacks 1.1021 1.1021 99.998% 
other paper prod 1.6934 1.6933 100.003% 
printing and services to printing 0.7295 0.7291 100.053% 
pub;recorded media and pub 0.5005 0.5006 99.973% 
fertilisers 2.7921 2.7923 99.994% 
other basic chemicals 3.1848 3.1849 99.997% 
paints 0.9497 0.9497 99.991% 
medicinal and pharmaceutical prod;pesticides 0.6097 0.6104 99.874% 
soap and other detergents 0.9465 0.9461 100.033% 
cosmetics and toiletry preparations 0.7294 0.7296 99.971% 
other chemical prod 1.1171 1.1170 100.003% 
rubber prod 0.7449 0.7449 100.000% 
plastic prod 1.1138 1.1137 100.012% 
glass and glass prod 3.3431 3.3437 99.985% 
ceramic prod 5.0554 5.0554 100.000% 
cement and lime 7.4697 7.4694 100.004% 
concrete slurry 2.4497 2.4496 100.004% 
plaster and other concrete prod 1.8678 1.8680 99.986% 
other non-metallic mineral prod 2.5387 2.5389 99.991% 
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sector  
power series approximation 
(GJ/$100) (A) 
Leontief inverse  
(GJ/$100) (B) 
comparison 
(A / B) 
iron and steel 2.5330 2.5331 99.996% 
basic non-ferrous metal and prod 4.6525 4.6523 100.004% 
structural metal prod 1.0657 1.0657 100.000% 
sheet metal prod 1.3850 1.3850 100.005% 
fabricated metal prod 1.3306 1.3305 100.005% 
cars and parts;other transport equ 0.9261 0.9261 99.999% 
ships and boats 0.9132 0.9132 100.002% 
railway equ 0.6892 0.6893 99.979% 
aircraft 0.7528 0.7530 99.961% 
photographic and scientific equ 0.4582 0.4582 99.989% 
electronic equ 0.4138 0.4142 99.909% 
household appliances 0.7738 0.7733 100.064% 
other electrical equ 1.0963 1.0965 99.988% 
agricultural machinery 0.8841 0.8844 99.972% 
mining and cons mach 0.9407 0.9406 100.012% 
other machinery and equ 0.8289 0.8288 100.009% 
prefabricated buildings 1.1100 1.1099 100.006% 
furniture 0.7991 0.7996 99.949% 
other manufacturing 1.0726 1.0723 100.023% 
water supply;sewerage and drainage services 1.2374 1.2376 99.985% 
residential building construction 0.8510 0.8513 99.973% 
other construction 0.6179 0.6179 100.001% 
wholesale trade 0.4806 0.4808 99.968% 
retail trade 0.4820 0.4818 100.054% 
mechanical repairs 0.3400 0.3399 100.029% 
other repairs 0.8663 0.8665 99.983% 
accommodation, cafes and restaurants 0.9658 0.9662 99.960% 
road transport 1.3408 1.3409 99.991% 
rail, pipeline and other transport 0.7949 0.7952 99.968% 
water transport 1.2384 1.2388 99.968% 
air and space transport 2.5308 2.5310 99.992% 
services to transport;storage 1.1109 1.1111 99.974% 
communication services 0.5448 0.5449 99.980% 
banking 0.2984 0.2984 99.981% 
non-bank finance 0.2566 0.2567 99.954% 
financial asset investors 0.2016 0.2014 100.104% 
insurance 0.2526 0.2526 99.998% 
services to finance, investment and insurance 0.1752 0.1751 100.026% 
ownership of dwellings 0.2248 0.2247 100.049% 
other property services 0.6480 0.6482 99.972% 
scientific research, technical and computer services 0.7027 0.7031 99.949% 
legal, accounting, marketing and bus man services 0.6689 0.6691 99.968% 
other business services 0.6816 0.6813 100.039% 
government administration 0.9298 0.9296 100.014% 
defence 0.9178 0.9179 99.988% 
education 0.0782 0.0781 100.225% 
health services 0.7000 0.6999 100.015% 
community services 0.8857 0.8859 99.977% 
motion picture, radio and television services 0.6579 0.6580 99.989% 
libraries, museums and the arts 0.3115 0.3117 99.923% 
sport, gambling and recreational services 0.5637 0.5634 100.046% 
personal services 1.4912 1.4912 99.996% 
other services 0.5776 0.5777 99.978% 
NB some sector names were abbreviated 
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Appendix C VISUAL BASIC code for direct energy path extraction 
algorithm 
This appendix presents the VISUAL BASIC code developed within MICROSOFT EXCEL for the extraction of 
direct energy paths from the basic input-output model (and other related tasks). Lines in the code which 
are preceeded by a single quotation mark represent comments (ie remarks), unless already in double 
quotation marks.  
The first part of the code comprises comments on the location of the various components of the input-
output model within the EXCEL spreadsheet. The second part of the code comprises variable declarations. 
Finally, a series of subroutines are listed, which are called by the first routine (ie DEPE) and, in turn, may 
call one another depending upon the selected options at each dialog box (which can be identified as 
generally involving the variable ‘MSG’). The function of each primary subroutine, which appear 
sequentially at the begining of the series of subroutines, is listed in the table below: 
primary subroutine function 
DEPE reset critical variables, call primary subroutines including the ‘EndSequence’ 
CheckIOdata check that sum of direct input-output coefficients has not changed 
QueryRunType allows user to select different run types 
also, calls a sub-routine which prompts for target sector and threshold value 
ReadOAeis determine overall energy intensities for target sector  
ReadyToGo gives user an opportunity to abort run 
StageZero begins ‘depth first’ search for direct energy paths greater than threshold value 
EndSequence finishes run and reports run statistics  
 
‘location of the various components of the input-output model: 
‘input-output data ($/$) for 113 sector economy located at row 3, column 14 
‘113 sector names located vertically at row 3, column 13 
‘rows sums for io data located vertically in row 3, column 127 
‘sum of row sums located in row 115, column 128 
‘four primary energy factors located vertically at row 120, column 19 
‘four inverse energy tariffs located vertically at row 120, column 21 
‘set of 4*113 direct energy intensities (one for each energy supply sector) located horizontally at row 126, column 21 
‘set of summed direct energy intensities (one for each of the 113 sectors) located horizontally at row 130, column 21 
‘power series approximation stages 1-12 located horzontally at row 131, column 21 
‘sum of direct energy intensities and stage 1-12 energy intensities located horizontally at row 143, column 21 
 
‘DECLARE VARIABLES 
Option Explicit 
‘this statement disallows use of any variables not listed in block immediately below as public variables are listed in the 
order that they are encountered down the code text (ie. not through the code during operation) 
 
Public DrawTrees As Boolean, RunType As String, Xaxis 
Public MSG, DialogStyle, Title, Response 
Public TargetColRef As Integer, StageSector As Integer, EThreshold As Single 
Public DrawTreesQuery, DEI, TEI, OATEI, OADEI 
Public DEIcount, pathCount, ResultsRowNumber, Stage As Integer 
Public VertOffset As Integer, HorizOffset As Integer, Scaler As Integer, VertScaler As Integer 
Public ISO, Yaxis, S1Sector As Integer, S1Coeff 
Public S2Xaxis, S2yaxis, NewXaxis, NewYaxis, S2Sector As Integer, S12Coeff As Double 
Public Sell As Integer, Buy As Integer, NewDEOVEROldDE As Single 
Public S3Xaxis, S3yaxis, S3Sector As Integer, S123Coeff 
Public S4Xaxis, S4yaxis, S4Sector As Integer, S1234Coeff 
Public S5Xaxis, S5yaxis, S5Sector As Integer, S12345Coeff 
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Public altXaxis, altYaxis, I As Integer, J, Coeff, OldTEI 
Public S1DEICount, S2DEICount, S3DEICount, S4DEICount, S5DEICount 
Public S1DEI, S2DEI, S3DEI, S4DEI, S5DEI 
Public ZeroCount As Integer, DrawRelatedPaths As String, DrawPath As Boolean 
 
Sub DEPE() 
 DrawTrees = False 
 DrawRelatedPaths = ““ 
 RunType = ““ 
 CheckIOdata 
 QueryRunType 
 ReadOAeis 
 ReadyToGo 
 StageZero ‘subsequent stages are called as required 
 EndSequence 
End Sub 
 
Sub CheckIOdata() 
 Xaxis = Cells(115, 128).Value 
 ‘reads sum of values in i-o table, allowing for zeroed energy supply sector columns 
 If Xaxis > 51.25739214 And Xaxis < 51.25739216 Then  ‘sum of all values in the direct input-output matrix 
  Xaxis = 0 ‘if sum of i-o values checks out, continue 
 Else 
  End ‘if not, end algorith - to give user an opportunity to correct the fault  
 End If 
End Sub 
 
Sub QueryRunType() 
 MSG = “Have you saved the previous run and deleted the EE tree drawing objects?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbNo Then 
  MSG = “Stopping then.” 
  MsgBox MSG 
  End ‘allows user to save or clear previous runs 
 End If ‘otherwise, continue 
 MSG = “Standard path extraction run [yes]? (or [no] for related paths run or sensitivity analysis run)” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “standard” 
  QueryStandardRunDetails 
 ElseIf Response = vbNo Then 
  QueryDetailedRunType 
 End If 
End Sub 
 
Sub ReadOAeis() 
 ‘get data from I-O results 
 OADEI = Cells(130, TargetColRef + 20).Value 
 OATEI = Cells(143, TargetColRef + 20).Value 
 DEI = OADEI 
 TEI = OATEI 
End Sub 
 
Sub ReadyToGo() 
 MSG = “Are you ready to go?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbNo Then 
  Application.Calculation = xlAutomatic 
  End 
 End If 
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 Application.Calculation = xlManual 
 Calculate 
 Range(“D5:E5”).Select 
 Selection.Clear 
 If RunType = “standard” Then 
  PrepareSheet 
  LabelResultsColumns 
 ElseIf RunType = “related paths” Then 
  PrepareSheet 
  LabelResultsColumns 
 ElseIf RunType = “related paths single” Then 
  PrepareSheet 
  LabelResultsColumns 
 ElseIf RunType = “related paths self inputs” Then 
  PrepareSheet 
  LabelResultsColumns 
 ElseIf RunType = “sensitivitySingle” Then 
  PrepareSensitivitySingleRun 
 ElseIf RunType = “sensitivityPEFs” Then 
  PrepareSensitivityPEFsRun 
 ElseIf RunType = “sensitivityDEIs” Then 
  PrepareSensitivityDEIsRun 
 ElseIf RunType = “sensitivityAll” Then 
  PrepareSensitivityAllRun 
 ElseIf RunType = “large run” Then 
  PrepareLargeRun 
 ElseIf RunType = “specific run” Then 
  PrepareSpecificRun 
 ElseIf RunType = “draw trees specific run” Then 
  PrepareDrawTreesSpecificRun 
 End If 
 Cells(5, 4).Value = Time 
 Range(“D5”).Select 
 Selection.NumberFormat = “hh:mm:ss” 
End Sub 
 
Sub StageZero() 
 pathCount = 0 
 DEIcount = 0 
 ResultsRowNumber = 13 
 Stage = 0 
 If DrawTrees = True Then 
  VertOffset = 120   ‘default is 130 
  HorizOffset = 20   ‘default is 200 
  Scaler = 2.25    ‘default is 3 
  VertScaler = Scaler * 130 ‘default is scaler * 25 
  ISO = Scaler * 12   ‘default is scaler * 12 
  Tickmarks 
  Xaxis = HorizOffset + TargetColRef * Scaler 
  Yaxis = VertOffset + Scaler * VertScaler 
 End If 
 If RunType = “standard” Then 
  Results 
 ElseIf RunType = “large run” Then 
  Results 
 End If 
 StageOne 
End Sub 
 
Sub EndSequence() 
 If RunType = “standard” Then 
  Range(“C15”).Select 
  Selection.CurrentRegion.Select 
  ReplaceSectorNumbers 
 ElseIf RunType = “related paths” Then 
  Range(“C15”).Select 
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  Selection.CurrentRegion.Select 
  ReplaceSectorNumbers 
 ElseIf RunType = “related paths single” Then 
  Range(“C15”).Select 
  Selection.CurrentRegion.Select 
  ReplaceSectorNumbers 
 ElseIf RunType = “related paths self inputs” Then 
  Range(“C15”).Select 
  Selection.CurrentRegion.Select 
  ReplaceSectorNumbers 
 End If 
 Cells(8, 1).Value = RunType 
 Cells(5, 5) = Time 
 Range(“E5”).Select 
 Selection.NumberFormat = “hh:mm:ss” 
 Range(“B10:D10”).Select 
 ReplaceSectorNumbers 
 If RunType = “standard” Then 
 End If 
 Calculate 
 Application.Calculation = xlAutomatic 
 If DrawTrees = True Then 
  ActiveSheet.Rectangles.Add(7.5, 95.625, 424.6875, 638.4375).Select 
  Selection.Interior.ColorIndex = xlNone 
  Selection.Border.LineStyle = xlNone 
  With Selection.Interior 
   .Pattern = xlSolid 
   .ColorIndex = 2 
  End With 
  Selection.SendToBack 
 End If 
 End 
End Sub 
 
Sub QueryStandardRunDetails() 
 ‘input target sector code number 
 TargetColRef = Application.InputBox(“Enter the 1992-3 Target Sector Code Number (integer between 1 and 113, see 
  column’L’ or column number ‘12’) Default is Residential Building (81)”, “Input Target Sector”, 81, , , , , 1)  
  ‘requests value to indicate target sector 
 StageSector = TargetColRef  
 If TargetColRef > 0 And TargetColRef < 114 Then  ‘checks whether sector code number is within range 
  EThreshold = Application.InputBox(“Enter the EThreshold Value for the run (number between 1 and 0.00001)”, 
  “Input threshold value”, 0.001, , , , , 1) ‘input threshold value, EThreshold, within sensible limits 
 Else 
  MSG = “Value is out of range - try again” 
  MsgBox MSG 
  QueryStandardRunDetails 
 End If 
 MSG = “Would your like to draw EE trees while extracting paths?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton2 
 Title = “Draw EE trees?” 
 DrawTreesQuery = MsgBox(MSG, DialogStyle, Title) 
 If DrawTreesQuery = vbYes Then 
  If RunType = “standard” Then 
   DrawTrees = True 
  ElseIf RunType = “related paths” Then 
   DrawTrees = True 
  ElseIf RunType = “related paths single” Then 
   DrawTrees = True 
  ElseIf RunType = “related paths self inputs” Then 
   DrawTrees = True 
  Else DrawTrees = False 
  End If 
 End If 
End Sub 
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Sub StageOne() 
 DrawPath = False 
 For S1Sector = 1 To 113 
  Cells(7, 5).Value = S1Sector 
  StageSector = S1Sector 
  S1Coeff = Cells(S1Sector + 2, TargetColRef + 13).Value 
  TEI = Cells(143, S1Sector + 20).Value * S1Coeff 
  If TEI > EThreshold Then 
   Stage = 1 
   If RunType = “related paths” And DrawRelatedPaths = “coef” Then 
    Results 
   ElseIf RunType = “large run” Then 
    Results 
   ElseIf RunType = “related paths single” And DrawRelatedPaths = “sector” Then 
    Results 
   ElseIf RunType = “related paths self inputs” Then 
    If DrawTrees = True Then 
     Results 
    Else 
     If S1Sector = TargetColRef Then 
      Results 
     End If 
    End If 
   ElseIf RunType = “related paths” And S1Sector = Sell And TargetColRef = Buy Then 
    Results 
   ElseIf RunType = “related paths single” And S1Sector = Sell Then 
    Results 
   ElseIf RunType = “draw trees specific run” And S1Sector = Cells(10, 3).Value Then 
    DrawPath = True 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    Results 
   ElseIf RunType = “standard” Then 
    Results 
   End If 
   StageTwo 
  End If 
  Stage1EndBits 
 Next S1Sector 
End Sub 
 
Sub Stage1EndBits() 
 With Cells(7, 6) 
  .Value = DEIcount / OATEI 
  .NumberFormat = “0.00%” 
 End With 
 If EThreshold < 0.0000001 Then 
  ‘ActiveWorkbook.Save 
 End If ‘0.0000001 on a Pro 200 for stage 5 will take a few hours  
 If RunType = “large run” Then 
  LargeRunWrapUp 
 End If 
End Sub 
 
Sub StageTwo() 
 DrawPath = False 
 S2Xaxis = Xaxis 
 S2yaxis = Yaxis 
 Xaxis = NewXaxis 
 Yaxis = NewYaxis 
 For S2Sector = 1 To 113 
  StageSector = S2Sector 
  S12Coeff = Cells(S2Sector + 2, S1Sector + 13).Value * S1Coeff 
  TEI = Cells(143, S2Sector + 20).Value * S12Coeff 
  If TEI > EThreshold Then 
   Stage = 2 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 257 
   If RunType = “related paths” And DrawRelatedPaths = “coef” Then 
    Results 
   ElseIf RunType = “large run” Then 
    Results 
   ElseIf RunType = “related paths single” And DrawRelatedPaths = “sector” Then 
    Results 
   ElseIf RunType = “related paths self inputs” Then 
    If DrawTrees = True Then 
     Results 
    Else 
     If S2Sector = S1Sector Then 
      Results 
     End If 
    End If 
   ElseIf RunType = “related paths” And S2Sector = Sell And S1Sector = Buy Then 
    Results 
   ElseIf RunType = “related paths single” And S2Sector = Sell Then 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    If S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value Then 
     DrawPath = True 
    ‘ElseIf S1Sector = Cells(10, 3).Value And Cells(10, 4).Value = ““ Then 
    ‘ DrawPath = True 
    Else 
     DrawPath = False 
    End If 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    Results 
   ElseIf RunType = “standard” Then 
    Results 
   End If 
   StageThree 
  End If 
 Next S2Sector 
 Xaxis = S2Xaxis 
 Yaxis = S2yaxis 
End Sub 
 
Sub StageThree() 
 DrawPath = False 
 S3Xaxis = Xaxis 
 S3yaxis = Yaxis 
 Xaxis = NewXaxis 
 Yaxis = NewYaxis 
 For S3Sector = 1 To 113 
  StageSector = S3Sector 
  S123Coeff = Cells(S3Sector + 2, S2Sector + 13).Value * S12Coeff 
  TEI = Cells(143, S3Sector + 20).Value * S123Coeff 
  If TEI > EThreshold Then 
   Stage = 3 
   If RunType = “related paths” And DrawRelatedPaths = “coef” Then 
    Results 
   ElseIf RunType = “large run” Then 
    Results 
   ElseIf RunType = “related paths single” And DrawRelatedPaths = “sector” Then 
    Results 
   ElseIf RunType = “related paths self inputs” Then 
    If DrawTrees = True Then 
     Results 
    Else 
     If S3Sector = S2Sector Then 
      Results 
     End If 
    End If 
   ElseIf RunType = “related paths” And S3Sector = Sell And S2Sector = Buy Then 
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    Results 
   ElseIf RunType = “related paths single” And S3Sector = Sell Then 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    If S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And S3Sector = Cells(10, 5).Value 
      Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And Cells(10, 5).Value = ““ Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And Cells(10, 4).Value = ““ And Cells(10, 5).Value = ““  
      Then 
     DrawPath = True 
    Else 
     DrawPath = False 
    End If 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    Results 
   ElseIf RunType = “standard” Then 
    Results 
   End If 
   StageFour 
  End If 
 Next S3Sector 
 Xaxis = S3Xaxis 
 Yaxis = S3yaxis 
End Sub 
 
Sub StageFour() 
 DrawPath = False 
 S4Xaxis = Xaxis 
 S4yaxis = Yaxis 
 Xaxis = NewXaxis 
 Yaxis = NewYaxis 
 For S4Sector = 1 To 113 
  StageSector = S4Sector 
  S1234Coeff = Cells(S4Sector + 2, S3Sector + 13).Value * S123Coeff 
  TEI = Cells(143, S4Sector + 20).Value * S1234Coeff 
  If TEI > EThreshold Then 
   Stage = 4 
   If RunType = “related paths” And DrawRelatedPaths = “coef” Then 
    Results 
   ElseIf RunType = “large run” Then 
    Results 
   ElseIf RunType = “related paths single” And DrawRelatedPaths = “sector” Then 
    Results 
   ElseIf RunType = “related paths self inputs” Then 
    If DrawTrees = True Then 
     Results 
    Else 
     If S4Sector = S3Sector Then 
      Results 
     End If 
    End If 
   ElseIf RunType = “related paths” And S4Sector = Sell And S3Sector = Buy Then 
    Results 
   ElseIf RunType = “related paths single” And S4Sector = Sell Then 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    If S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And S3Sector = Cells(10, 5).Value 
And       S4Sector = Cells(10, 6).Value Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And S3Sector = Cells(10, 
5).Value       And Cells(10, 6).Value = ““ Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And Cells(10, 5).Value = ““ And 
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      Cells(10, 6).Value = ““ Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And Cells(10, 4).Value = ““ And Cells(10, 5).Value = ““ And 
Cells(10,       6).Value = ““ Then 
     DrawPath = True 
    Else 
     DrawPath = False 
    End If 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    Results 
   ElseIf RunType = “standard” Then 
    Results 
   End If 
   StageFive 
  End If 
 Next S4Sector 
 Xaxis = S4Xaxis 
 Yaxis = S4yaxis 
End Sub 
 
Sub StageFive() 
 DrawPath = False 
 S5Xaxis = Xaxis 
 S5yaxis = Yaxis 
 Xaxis = NewXaxis 
 Yaxis = NewYaxis 
 For S5Sector = 1 To 113 
  StageSector = S5Sector 
  S12345Coeff = Cells(S5Sector + 2, S4Sector + 13).Value * S1234Coeff 
  TEI = Cells(143, S5Sector + 20).Value * S12345Coeff 
  If TEI > EThreshold Then 
   Stage = 5 
   If RunType = “related paths” And DrawRelatedPaths = “coef” Then 
    Results 
   ElseIf RunType = “related paths single” And DrawRelatedPaths = “sector” Then 
    Results 
   ElseIf RunType = “related paths self inputs” Then 
    If DrawTrees = True Then 
     Results 
    Else 
     If S5Sector = S4Sector Then 
      Results 
     End If 
    End If 
   ElseIf RunType = “related paths” And S5Sector = Sell And S4Sector = Buy Then 
    Results 
   ElseIf RunType = “draw trees specific run” Then 
    If S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And S3Sector = Cells(10, 5).Value 
And       S4Sector = Cells(10, 6).Value And S5Sector = Cells(10, 7).Value Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And S3Sector = Cells(10, 
5).Value       And S4Sector = Cells(10, 6).Value And Cells(10, 7).Value = ““ Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And S3Sector = Cells(10, 
5).Value       And Cells(10, 6).Value = ““ And Cells(10, 7).Value = ““ Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And S2Sector = Cells(10, 4).Value And Cells(10, 5).Value = ““ And 
      Cells(10, 6).Value = ““ And Cells(10, 7).Value = ““ Then 
     DrawPath = True 
    ElseIf S1Sector = Cells(10, 3).Value And Cells(10, 4).Value = ““ And Cells(10, 5).Value = ““ And 
Cells(10,       6).Value = ““ And Cells(10, 7).Value = ““ Then 
     DrawPath = True 
    Else 
     DrawPath = False 
    End If 
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    Results 
   ElseIf RunType = “draw trees specific run” Then 
    Results 
   ElseIf RunType = “standard” Then 
    Results 
   ElseIf RunType = “large run” Then 
    Results 
   End If 
  End If 
 Next S5Sector 
 Xaxis = S5Xaxis 
 Yaxis = S5yaxis 
End Sub 
 
Sub Results() 
 If Stage = 1 Then 
  DEI = Cells(130, S1Sector + 20).Value * S1Coeff 
 ElseIf Stage = 2 Then 
  DEI = Cells(130, S2Sector + 20).Value * S12Coeff 
 ElseIf Stage = 3 Then 
  DEI = Cells(130, S3Sector + 20).Value * S123Coeff 
 ElseIf Stage = 4 Then 
  DEI = Cells(130, S4Sector + 20).Value * S1234Coeff 
 ElseIf Stage = 5 Then 
  DEI = Cells(130, S5Sector + 20).Value * S12345Coeff 
 End If 
 Cells(7, 4).Value = pathCount 
 NewXaxis = HorizOffset + StageSector * Scaler + ISO * Stage ‘tracer set up 
 NewYaxis = Yaxis - Scaler * VertScaler / 5 
 If DEI < EThreshold Then 
  If DrawTrees = True Then 
   ActiveSheet.Lines.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
   MakeLinesGrey 
  End If 
 Else 
  DEIcount = DEIcount + DEI 
  pathCount = pathCount + 1 
  If RunType = “large run” Then 
   LargeRunResults 
  Else 
   ResultsBit 
  End If 
 End If 
End Sub 
 
Sub ResultsBit() 
 ResultsRowNumber = ResultsRowNumber + 1 
 With Cells(ResultsRowNumber, 1) 
  .Value = DEI 
  .NumberFormat = “0.0000” 
 End With 
 With Cells(ResultsRowNumber, 2) 
  .Value = TEI 
  .NumberFormat = “0.0000” 
 End With 
 Reportpath 
 If DrawTrees = True Then 
  DrawLines 
 End If 
End Sub 
 
Sub Reportpath() 
 If Stage = 0 Then Cells(ResultsRowNumber, 3).Value = “DIRECT” 
 If Stage > 0 Then Cells(ResultsRowNumber, 3).Value = S1Sector 
 If Stage > 1 Then Cells(ResultsRowNumber, 4).Value = S2Sector 
 If Stage > 2 Then Cells(ResultsRowNumber, 5).Value = S3Sector 
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 If Stage > 3 Then Cells(ResultsRowNumber, 6).Value = S4Sector 
 If Stage > 4 Then Cells(ResultsRowNumber, 7).Value = S5Sector 
End Sub 
 
Sub DrawLines() 
 If Stage > 0 Then 
  ‘value line 
  altXaxis = NewXaxis 
  CheckIOBHAvalues 
  altYaxis = NewYaxis - DEI / OATEI * Scaler * VertScaler * 2 
  ActiveSheet.Lines.Add(NewXaxis, NewYaxis, altXaxis, altYaxis).Select 
  Selection.BringToFront 
  Selection.Border.Weight = xlMedium 
  If Cells(2 + J, 157).Value = 1 Then  ‘mod DE 
   Selection.Border.ColorIndex = 8 ‘royal blue, 8 
   Selection.SendToBack 
  ElseIf Cells(2 + J, 157).Value = 2 Then ‘unmod DE 
   Selection.Border.ColorIndex = 3 ‘light red, 3 
  Else         ‘unmod DE 
   Selection.Border.ColorIndex = 3 ‘light red, 3 
  End If 
  CheckRelatedPaths 
  CheckRelatedPathsSelfInputs 
  CheckSpecificPath 
  DrawPath = False 
  ‘tracer 
  ActiveSheet.Lines.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
  Selection.SendToBack 
  Selection.Border.Weight = xlHairline 
  If Cells(2 + J, 158).Value = 1 Then  ‘mod PQ 
   Selection.Border.ColorIndex = 3 ‘red, 3 
  ElseIf Cells(2 + J, 158).Value = 2 Then ‘unmod PQ 
   Selection.Border.ColorIndex = 11 ‘purple, 11, dashed 
   Selection.Border.LineStyle = xlDash 
  Else 
   Selection.Border.ColorIndex = 11 ‘purple, 11, dashed 
   Selection.Border.LineStyle = xlDash 
  End If 
  S1DEI = 0 
  CheckRelatedPaths 
  CheckRelatedPathsSelfInputs 
  CheckSpecificPath 
 ElseIf Stage = 0 Then 
  If RunType = “draw trees specific run” Then 
  ElseIf RunType = “related paths self inputs” Then 
  Else 
   NewXaxis = Xaxis 
   NewYaxis = Yaxis - DEI / OATEI * Scaler * VertScaler * 2 
   ActiveSheet.Lines.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
   With Selection 
    .Border.ColorIndex = 3   ‘3 for both 
    .Border.Weight = xlMedium 
    .BringToFront 
   End With 
  End If 
  DrawZAxisScale 
 End If 
End Sub 
 
Sub CheckIOBHAvalues() 
  For I = 1 To 594 
   If Cells(2 + I, 150).Value = Cells(ResultsRowNumber, 3).Value Then 
    If Cells(2 + I, 151).Value = Cells(ResultsRowNumber, 4).Value Then 
     If Cells(2 + I, 152).Value = Cells(ResultsRowNumber, 5).Value Then 
      If Cells(2 + I, 153).Value = Cells(ResultsRowNumber, 6).Value Then 
       If Cells(2 + I, 154).Value = Cells(ResultsRowNumber, 7).Value Then 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 262 
        DEI = DEI * Cells(2 + I, 156).Value 
        J = I 
       End If 
      End If 
     End If 
    End If 
   End If 
  Next I 
End Sub 
 
Sub CheckSpecificPath() 
 If RunType = “draw trees specific run” Then 
  If DrawPath = True Then 
   Selection.BringToFront 
  Else 
   MakeLinesGrey 
  End If 
 End If 
End Sub 
 
Sub CheckRelatedPaths() 
 If RunType = “related paths” Then 
  If Stage = 1 Then 
   If DrawRelatedPaths = “coef” And S1Sector = Sell And TargetColRef = Buy Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 2 Then 
   If DrawRelatedPaths = “coef” And S2Sector = Sell And S1Sector = Buy Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 3 Then 
   If DrawRelatedPaths = “coef” And S3Sector = Sell And S2Sector = Buy Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 4 Then 
   If DrawRelatedPaths = “coef” And S4Sector = Sell And S3Sector = Buy Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 5 Then 
   If DrawRelatedPaths = “coef” And S5Sector = Sell And S4Sector = Buy Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  End If 
 ElseIf RunType = “related paths single” Then 
  If Stage > 0 Then 
   If DrawRelatedPaths = “sector” And StageSector = Sell Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  End If 
 End If 
End Sub 
 
Sub CheckRelatedPathsSelfInputs() 
 If RunType = “related paths self inputs” Then 
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  If Stage = 1 Then 
   If S1Sector = TargetColRef Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 2 Then 
   If S2Sector = S1Sector Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 3 Then 
   If S3Sector = S2Sector Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 4 Then 
   If S4Sector = S3Sector Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  ElseIf Stage = 5 Then 
   If S5Sector = S4Sector Then 
    Selection.BringToFront 
   Else 
    MakeLinesGrey 
   End If 
  End If 
 End If 
End Sub 
 
Sub MakeLinesGrey() 
 With Selection 
  .Border.ColorIndex = 40 
  .Border.Weight = xlHairline 
  .SendToBack 
  .Border.LineStyle = xlDash 
 End With 
End Sub 
Sub PrepareSheet() 
 Range(“A7:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “EThreshold value “ 
 Cells(9, 2).Value = “target sector” 
 If RunType = “related paths” Then 
  Cells(9, 3).Value = “selling sector” 
  Cells(9, 4).Value = “buying sector” 
  Cells(10, 3).Value = Sell 
  Cells(10, 4).Value = Buy 
 End If 
 If RunType = “related paths single” Then 
  Cells(9, 3).Value = “selling sector” 
  Cells(10, 3).Value = Sell 
 End If 
 Cells(10, 1).Value = EThreshold 
 Cells(10, 2).Value = TargetColRef 
 If RunType = “standard” Then 
  Cells(12, 1).Value = “Direct and Total Energy Intensities of paths (GJ/$100)” 
 ElseIf RunType = “related paths” Then 
  Cells(12, 1).Value = “Direct and Total Energy Intensities of paths Related to “ & Buy & “ and “ & Sell & “ (in 
   GJ/$100)” 
 End If 
End Sub 
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Sub LabelResultsColumns() 
 With Cells(13, 1) 
  .Value = “Direct EI” 
  .HorizontalAlignment = xlRight 
  .Font.Bold = True 
 End With 
 With Cells(13, 2) 
  .Value = “Total EI” 
  .HorizontalAlignment = xlRight 
  .Font.Bold = True 
 End With 
 With Cells(13, 3) 
  .Value = “stage 1” 
  .HorizontalAlignment = xlLeft 
 End With 
 With Cells(13, 4) 
  .Value = “stage 2” 
  .HorizontalAlignment = xlLeft 
 End With 
 With Cells(13, 5) 
  .Value = “stage 3” 
  .HorizontalAlignment = xlLeft 
 End With 
 With Cells(13, 6) 
  .Value = “stage 4” 
  .HorizontalAlignment = xlLeft 
 End With 
 With Cells(13, 7) 
  .Value = “stage 5” 
  .HorizontalAlignment = xlLeft 
 End With 
End Sub 
 
Sub DrawZAxisScale() 
 ‘scale for z axis 
 altXaxis = Xaxis - Scaler * 81 
 altYaxis = VertOffset + Scaler * VertScaler - Scaler * VertScaler ‘/ 5 
 ActiveSheet.Lines.Add(altXaxis, Yaxis, altXaxis, altYaxis).Select 
 With Selection 
  .Border.ColorIndex = 49 
  .Border.Weight = xlThin 
 End With 
 ‘lable for z axis scale 
 ActiveSheet.TextBoxes.Add(altXaxis + Scaler * 5, altYaxis - 2, 76, 90).Select 
 Selection.Interior.ColorIndex = 2 
 Selection.Characters.Text =  
  “50% of total energy intensity of ‘residential building construction’ “  
 With Selection.Font 
  .Name = “Arial” 
  .FontStyle = “Regular” 
  .Size = 10 
  .ColorIndex = xlAutomatic 
 End With 
 Selection.HorizontalAlignment = xlLeft 
 Selection.Border.LineStyle = xlNone 
End Sub 
 
Sub Tickmarks() 
 For I = 0 To 5 
  Xaxis = HorizOffset + I * ISO 
  NewXaxis = Xaxis + Scaler * 113 
  Yaxis = VertOffset + Scaler * VertScaler - Scaler * I * VertScaler / 5 
  NewYaxis = Yaxis 
  ActiveSheet.Lines.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
  With Selection.Border 
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   .ColorIndex = 49 
   .Weight = xlHairline 
  End With 
  If I = 0 Then 
   Selection.Border.Weight = xlThin 
  End If 
  Xaxis = HorizOffset 
  NewXaxis = Xaxis * 1.25 
  ActiveSheet.Lines.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
  With Selection.Border 
   .ColorIndex = 49 
   .Weight = xlHairline 
  End With 
 Next I 
 DrawAxesTitles 
 SectorGroupLines 
End Sub 
 
Sub DrawAxesTitles() 
 For I = 0 To 5 
  Xaxis = HorizOffset + Scaler * 120 + I * ISO 
  NewXaxis = 50 
  Yaxis = VertOffset + Scaler * VertScaler - Scaler * I * VertScaler / 5 - 10 
  NewYaxis = 20 
  ActiveSheet.TextBoxes.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
  Selection.Characters.Text = “stage “ & I & “ “ 
  With Selection.Characters(Start:=1, Length:=7).Font 
   .Name = “Arial” 
   .FontStyle = “Regular” 
   .Size = 10 
   .ColorIndex = xlAutomatic 
  End With 
  Selection.AutoSize = True 
  Selection.Border.LineStyle = xlNone 
  With Selection.Interior 
   .Pattern = xlSolid 
   .ColorIndex = 2 
  End With 
 Next I 
End Sub 
 
Sub SectorGroupLines() 
 I = 0  
 SectorGroupRoutine 
 I = 15.5 
 SectorGroupRoutine 
 I = 27.5 
 SectorGroupRoutine 
 I = 34.5 
 SectorGroupRoutine 
 I = 63.5 
 SectorGroupRoutine 
 I = 82.5 
 SectorGroupRoutine 
 I = 87.5 
 SectorGroupRoutine 
 I = 93.5 
 SectorGroupRoutine 
 I = 113 
 SectorGroupRoutine 
 SectorGroupNames 
End Sub 
 
Sub SectorGroupRoutine() 
 Xaxis = HorizOffset + Scaler * I 
 NewXaxis = Xaxis + ISO * 5 
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 Yaxis = VertOffset + Scaler * VertScaler 
 NewYaxis = VertOffset 
 ActiveSheet.Lines.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
 With Selection.Border 
  .ColorIndex = 49 
  .Weight = xlHairline 
 End With 
 If I = 0 Then 
  Selection.Border.Weight = xlThin 
 End If 
End Sub 
 
Sub SectorGroupNames() 
 For I = 1 To 8 
  GetSectorGroupDetailsA 
  Xaxis = HorizOffset + J * Scaler 
  NewXaxis = 20 
  Yaxis = VertOffset + VertScaler * Scaler + 5 
  NewYaxis = 200 
  ActiveSheet.TextBoxes.Add(Xaxis, Yaxis, NewXaxis, NewYaxis).Select 
  GetSectorGroupDetailsB 
  With Selection.Characters(Start:=1, Length:=36).Font 
   .Name = “Arial” 
   .FontStyle = “Regular” 
   .Size = 10 
   .ColorIndex = xlAutomatic 
  End With 
  Selection.Border.LineStyle = xlNone 
  With Selection.Interior 
   .Pattern = xlSolid 
   .ColorIndex = 2 
  End With 
  With Selection 
   .HorizontalAlignment = xlLeft 
   .VerticalAlignment = xlTop 
   .Orientation = xlUpward 
   .AutoSize = True 
  End With 
 Next I 
End Sub 
 
Sub GetSectorGroupDetailsA() 
 If I = 1 Then 
  J = 1 
 ElseIf I = 2 Then 
  J = 16 
 ElseIf I = 3 Then 
  J = 28 
 ElseIf I = 4 Then 
  J = 35 
 ElseIf I = 5 Then 
  J = 64 
 ElseIf I = 6 Then 
  J = 80 
 ElseIf I = 7 Then 
  J = 87 
 ElseIf I = 8 Then 
  J = 93 
 End If 
End Sub 
 
Sub GetSectorGroupDetailsB() 
 If I = 1 Then 
  Selection.Characters.Text = “primary prod.” 
 ElseIf I = 2 Then 
  Selection.Characters.Text = “food & drink.” 
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 ElseIf I = 3 Then 
  Selection.Characters.Text = “textiles.” 
 ElseIf I = 4 Then 
  Selection.Characters.Text = “other manufac.” 
 ElseIf I = 5 Then 
  Selection.Characters.Text = “cap equ & const.” 
 ElseIf I = 6 Then 
  Selection.Characters.Text = “trade & repairs.” 
 ElseIf I = 7 Then 
  Selection.Characters.Text = “trans & commun.” 
 ElseIf I = 8 Then 
  Selection.Characters.Text = “fin & other serv.” 
 End If 
End Sub 
 
Sub ReplaceSectorNumbers() 
 Selection.Replace What:=“1”, Replacement:=Cells(3, 13).Value, LookAt:=xlWhole 
  ‘lines in between have been deleted to save space 
 Selection.Replace What:=“113”, Replacement:=Cells(115, 13).Value, LookAt:=xlWhole 
End Sub 
 
Sub QueryDetailedRunType() 
 MSG = “Related paths run (yes) or further detailed run type (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY DETAILED RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “related paths” 
  QueryRelatedpathsDetails 
 ElseIf Response = vbNo Then 
  QueryFurtherDetailedRunType 
 End If 
End Sub 
 
Sub QueryFurtherDetailedRunType() 
 MSG = “Sensitivity run (yes) or still more types of runs (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY FURTHER DETAILED RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “sensitivity” 
  QuerySensitivityRunDetails 
 ElseIf Response = vbNo Then 
  QueryStillMoreRunTypes 
 End If 
End Sub 
 
Sub QueryStillMoreRunTypes() 
 MSG = “Large run (yes) or unbelievably still more run types (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY FURTHER DETAILED RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “large run” 
  LargeRun 
 ElseIf Response = vbNo Then 
  UnbelievablyStillMoreRunTypes 
 End If 
End Sub 
 
Sub UnbelievablyStillMoreRunTypes() 
 MSG = “Specific run (yes) or self inputs (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY UNBELIEVABLY FURTHER DETAILED RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
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  RunType = “specific run” 
  SpecificRun 
 ElseIf Response = vbNo Then 
  RunType = “related paths self inputs” 
  QueryStandardRunDetails 
  ReadOAeis 
  ReadyToGo 
  StageZero ‘subsequent stages are called as required 
  EndSequence 
 End If 
End Sub 
 
Sub QueryRelatedpathsDetails() 
 QueryStandardRunDetails 
 MSG = “Extract paths relating to a single sector [yes] or a particular coeficient [no]?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY RELATED PATHS DETAILS RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “related paths single” 
  If DrawTrees = True Then 
   DrawRelatedPaths = “sector” 
  End If 
 ElseIf Response = vbNo Then 
  RunType = “related paths” 
  If DrawTrees = True Then 
   DrawRelatedPaths = “coef” 
  End If 
 End If 
 Sell = Application.InputBox(“Enter the sector code number for the selling sector (integer between 1 and 113, see 
   column’L’ or column number ‘12’) default is cement and lime (55)”, “Input Target Sector”, 55, , , , , 1) 
 If RunType = “related paths” Then 
  Buy = Application.InputBox(“Enter the sector code number for the buying sector (integer between 1 and 113, see 
   column’L’ or column number ‘12’) default is concrete slurry (56)”, “Input Buying Sector”, 56, , , , , 1) 
 End If 
 ReadOAeis 
 ReadyToGo 
 StageZero  ‘subsequent stages are called as required 
 Cells(7, 4).Value = Cells(7, 4).Value + 1 
 EndSequence 
End Sub 
 
Sub LargeRun() 
 QueryStandardRunDetails 
 ReadOAeis 
 ReadyToGo 
 For I = 1 To 6 
  Cells(13, I + 1).Value = “stage “ & I - 1 
 Next I 
 Cells(14, 1).Value = “DEIs total” 
 Cells(15, 1).Value = “number of paths” 
 StageZero 
 EndSequence 
End Sub 
 
Sub LargeRunResults() 
 If Stage = 1 Then 
  S1DEICount = S1DEICount + 1 
  S1DEI = S1DEI + DEI 
 ElseIf Stage = 2 Then 
  S2DEICount = S2DEICount + 1 
  S2DEI = S2DEI + DEI 
 ElseIf Stage = 3 Then 
  S3DEICount = S3DEICount + 1 
  S3DEI = S3DEI + DEI 
 ElseIf Stage = 4 Then 
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  S4DEICount = S4DEICount + 1 
  S4DEI = S4DEI + DEI 
 ElseIf Stage = 5 Then 
  S5DEICount = S5DEICount + 1 
  S5DEI = S5DEI + DEI 
 End If 
End Sub 
 
Sub LargeRunWrapUp() 
 Cells(14, 2).Value = OADEI 
 Cells(14, 3).Value = S1DEI 
 Cells(14, 4).Value = S2DEI 
 Cells(14, 5).Value = S3DEI 
 Cells(14, 6).Value = S4DEI 
 Cells(14, 7).Value = S5DEI 
 Cells(15, 2).Value = 1 
 Cells(15, 3).Value = S1DEICount 
 Cells(15, 4).Value = S2DEICount 
 Cells(15, 5).Value = S3DEICount 
 Cells(15, 6).Value = S4DEICount 
 Cells(15, 7).Value = S5DEICount 
 Range(“B14:I14”).Select 
 Selection.NumberFormat = “0.0000” 
 Range(“B15:I15”).Select 
 Selection.HorizontalAlignment = xlRight 
End Sub 
 
Sub PrepareLargeRun() 
 Range(“A7:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “EThreshold value “ 
 Cells(9, 2).Value = “target sector” 
 Cells(10, 1).Value = EThreshold 
 Cells(10, 2).Value = TargetColRef 
 Range(“B10”).Select 
 ReplaceSectorNumbers 
 S1DEICount = 0 
 S2DEICount = 0 
 S3DEICount = 0 
 S4DEICount = 0 
 S5DEICount = 0 
 S1DEI = 0 
 S2DEI = 0 
 S3DEI = 0 
 S4DEI = 0 
 S5DEI = 0 
End Sub 
 
Sub QuerySensitivityRunDetails() 
 MSG = “Sensitivity of a single cell (yes) or more (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY SENSITIVITY RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “sensitivitySingle” 
  QuerySensitivitySingleRunDetails 
 ElseIf Response = vbNo Then 
  QuerySensitivityMoreDetails 
 End If 
End Sub 
   
Sub QuerySensitivityMoreDetails() 
 MSG = “Sensitivity of the primary energy factors (yes) or more options (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY SENSITIVITY RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
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 If Response = vbYes Then 
  RunType = “sensitivityPEFs” 
  QuerySensitivityPEFsRunDetails 
 ElseIf Response = vbNo Then 
  QuerySensitivityMoreOptions 
 End If 
End Sub 
 
Sub QuerySensitivityMoreOptions() 
 MSG = “Sensitivity of the direct energy intensities (yes) or the entire matrix (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY SENSITIVITY RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “sensitivityDEIs” 
  QuerySensitivityDEIsRunDetails 
 ElseIf Response = vbNo Then 
  RunType = “sensitivityAll” 
  QuerySensitivityAllRunDetails 
 End If 
End Sub 
 
Sub QuerySensitivitySingleRunDetails() 
 Buy = Application.InputBox(“Enter the sector code number for the buying sector (integer between 1 and 113, see 
  column’L’ or column number ‘12’) default is concrete slurry (56)”, “Input Buying Sector”, 56, , , , , 1) 
 Sell = Application.InputBox(“Enter the sector code number for the selling sector (integer between 1 and 113, see 
   column’L’ or column number ‘12’) default is cement and lime (55)”, “Input Target Sector”, 55, , , , , 1) 
 If Cells(Sell + 2, Buy + 13).Value = 0 Then 
  MSG = “Chosen cell has a zero value.” 
  MsgBox MSG 
 End If 
 ReadyToGo 
 OldTEI = Cells(143, 81 + 20).Value 
 Coeff = Cells(Sell + 2, Buy + 13).Value 
 Cells(Sell + 2, Buy + 13).Value = 0 
 Calculate 
 TEI = Cells(143, 81 + 20).Value 
 Cells(Sell + 2, Buy + 13).Value = Coeff 
 Cells(10, 3).Value = (OldTEI - TEI) / OldTEI 
 Range(“C10”).Select 
 Selection.NumberFormat = “0.0000%” 
 EndSequence 
End Sub 
 
Sub QuerySensitivityPEFsRunDetails() 
 ReadyToGo 
 OldTEI = Cells(143, 81 + 20).Value 
 For I = 1 To 4 
  Coeff = Cells(119 + I, 19).Value 
  Cells(119 + I, 19).Value = 1 
  ‘set to 1, not zero as in other sensitivity analysis cases 
  Calculate 
  TEI = Cells(143, 81 + 20).Value 
  Cells(119 + I, 19).Value = Coeff 
  Cells(9 + I, 2).Value = (OldTEI - TEI) / OldTEI 
 Next I 
 Range(“B10:B13”).Select 
 Selection.NumberFormat = “0.00%” 
 EndSequence 
End Sub 
 
Sub QuerySensitivityDEIsRunDetails() 
 ReadyToGo 
 OldTEI = Cells(143, 81 + 20).Value 
 For I = 1 To 113 
  For J = 1 To 4 
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   Cells(125 + J, 20 + I).Value = 0 
   ‘set to 1, not zero as in other sensitivity analysis cases 
   Calculate 
   TEI = Cells(143, 81 + 20).Value 
   If J = 1 Then 
    Cells(125 + J, 20 + I).Value = “=R[-113]C[-7]/R[-6]C21*R[-6]C19*100” 
   ElseIf J = 2 Then 
    Cells(125 + J, 20 + I).Value = “=R[-82]C[-7]/R[-6]C21*R[-6]C19*100” 
   ElseIf J = 3 Then 
    Cells(125 + J, 20 + I).Value = “=R[-48]C[-7]/R[-6]C21*R[-6]C19*100” 
   ElseIf J = 4 Then 
    Cells(125 + J, 20 + I).Value = “=R[-48]C[-7]/R[-6]C21*R[-6]C19*100” 
   End If 
   Cells(9 + I, J + 1).Value = (OldTEI - TEI) / OldTEI 
  Next J 
  Cells(9 + I, 6).Value = “=SUM(RC[-4]:RC[-1])” 
 Next I 
 Range(“B10:F122”).Select 
 Selection.NumberFormat = “0.0000%” 
 EndSequence 
End Sub 
 
Sub QuerySensitivityAllRunDetails() 
 MSG = “Would you like to do the sensitivity ALL run (yes) or just the diagonal coefficients (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY SENSITIVITY RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbYes Then 
  RunType = “sensitivityPEFs” 
  QuerySensitivityPEFsRunDetails 
 ElseIf Response = vbNo Then 
  SensDiagonalCoefs 
 End If 
 MSG = “This run may take a few hours.” 
 MsgBox MSG 
 MSG = “Sensitivity results in a single column (yes) or a matrix, to enable landscape graph (no)?” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton1 
 Title = “QUERY SENSITIVITY ALL RUN TYPE” 
 Response = MsgBox(MSG, DialogStyle, Title) 
 If Response = vbNo Then 
  SensitivityRunAllMatrix 
 End If 
 ReadyToGo 
 ResultsRowNumber = 10 
 OldTEI = Cells(143, 81 + 20).Value 
 For Sell = 1 To 113 
  Cells(7, 5).Value = Sell 
  For Buy = 1 To 113 
   WorkCoeff 
  Next Buy 
 Next Sell 
 Range(“C10:C16384”).Select 
 Selection.NumberFormat = “0.0000%” 
 EndSequence 
End Sub 
 
Sub WorkCoeff() 
 Coeff = Cells(Sell + 2, Buy + 13).Value 
 Cells(Sell + 2, Buy + 13).Value = 0 
 If Coeff > 0 Then 
  Calculate 
 ElseIf Coeff < 0 Then 
  Calculate 
 End If 
 TEI = Cells(143, 81 + 20).Value 
 If Coeff = 0 Then 
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  TEI = OldTEI 
 End If 
 If TEI < 0.9999995 * OldTEI Then 
  ‘0.00005% of OldTEI will show up in “0.0000%” formatted appendix 
  Cells(ResultsRowNumber, 1).Value = Sell 
  Cells(ResultsRowNumber, 2).Value = Buy 
  Cells(ResultsRowNumber, 3).Value = (OldTEI - TEI) / OldTEI 
  ResultsRowNumber = ResultsRowNumber + 1 
 End If 
 Cells(Sell + 2, Buy + 13).Value = Coeff 
End Sub 
 
Sub SensitivityRunAllMatrix() 
 MSG = “Results are displayed at row 250.” 
 MsgBox MSG 
 ReadyToGo 
 OldTEI = Cells(143, 81 + 20).Value 
 Range(“B250”).Select 
 ActiveCell.FormulaR1C1 = “1” 
 Range(“B250:DJ250”).Select 
 Selection.DataSeries Rowcol:=xlRows, Type:=xlLinear, Date:=xlDay, Step:=1, Trend:=False 
 For Sell = 1 To 113 
  Cells(250 + Sell, 1).Value = Sell 
  Cells(7, 5).Value = Sell 
  Range(“E7”).Select 
  For Buy = 1 To 113 
   Coeff = Cells(Sell + 2, Buy + 13).Value 
   Cells(Sell + 2, Buy + 13).Value = 0 
   Calculate 
   TEI = Cells(143, 81 + 20).Value 
   Cells(Sell + 2, Buy + 13).Value = Coeff 
   Cells(250 + Sell, Buy + 1).Value = (OldTEI - TEI) / OldTEI 
  Next Buy 
 Next Sell 
 Range(““).Select 
 Selection.NumberFormat = “0.0000%” 
 EndSequence 
End Sub 
 
Sub SensDiagonalCoefs() 
 ReadyToGo 
 ResultsRowNumber = 10 
 OldTEI = Cells(143, 81 + 20).Value 
 For Sell = 1 To 113 
  Cells(7, 5).Value = Sell 
  Coeff = Cells(Sell + 2, Sell + 13).Value 
  Cells(Sell + 2, Sell + 13).Value = 0 
  Calculate 
  TEI = Cells(143, 81 + 20).Value 
  Cells(ResultsRowNumber, 1).Value = Sell 
  Cells(ResultsRowNumber, 2).Value = Sell 
  Cells(ResultsRowNumber, 3).Value = (OldTEI - TEI) / OldTEI 
  ResultsRowNumber = ResultsRowNumber + 1 
  Cells(Sell + 2, Sell + 13).Value = Coeff 
 Next Sell 
 Range(“C10:C160”).Select 
 Selection.NumberFormat = “0.0000%” 
 EndSequence 
End Sub 
 
Sub PrepareSensitivitySingleRun() 
 Range(“A7:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “Selling sector” 
 Cells(9, 2).Value = “Buying sector” 
 Cells(9, 3).Value = “Sensitivity of selected cell to TEI of residential building construction ((old TEI - new TEI) / old 
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  TEI)” 
 Cells(10, 1).Value = Sell 
 Cells(10, 2).Value = Buy 
 Range(“A10:C10”).Select 
 ReplaceSectorNumbers 
End Sub 
 
Sub PrepareSensitivityPEFsRun() 
 Range(“A7:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “Energy supply sector” 
 Cells(9, 2).Value = “Sensitivity of primary energy factor to TEI of residential building construction ((old TEI - new 
TEI)   /old TEI)” 
 Cells(10, 1).Value = “Coal, oil & gas” 
 Cells(11, 1).Value = “Petroleum, coal products” 
 Cells(12, 1).Value = “Electricity supply” 
 Cells(13, 1).Value = “Gas supply” 
End Sub 
 
Sub PrepareSensitivityDEIsRun() 
 Range(“A7:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “SECTOR” 
 Range(“M3:M115”).Select 
 Selection.Copy 
 Range(“A10”).Select 
 ActiveSheet.Paste 
 Cells(9, 2).Value = “DEI for ‘coal, oil & gas’ “ 
 Cells(9, 3).Value = “DEI for ‘petroleum, coal products’ “ 
 Cells(9, 4).Value = “DEI for ‘electricity supply’ “ 
 Cells(9, 5).Value = “DEI for ‘gas supply’ “ 
 Cells(9, 6).Value = “Combined sensitivity of DEIS to TEI of residential building construction ((old TEI - new TEI) / 
old   TEI)” 
End Sub 
 
Sub PrepareSensitivityAllRun() 
 Range(“A7:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “Selling sector” 
 Cells(9, 2).Value = “Buying sector” 
 Cells(9, 3).Value = “Sensitivity of selected cell to TEI of residential building construction ((old TEI - new TEI) / old 
  TEI)” 
End Sub 
 
Sub SpecificRun() 
 PrepareSpecificRun 
 MSG = “Would your like to draw EE trees while extracting paths? (say no if doing a ‘large run’)” 
 DialogStyle = vbYesNo + vbCritical + vbDefaultButton2 
 Title = “Draw EE trees?” 
 DrawTreesQuery = MsgBox(MSG, DialogStyle, Title) 
 If DrawTreesQuery = vbYes Then 
  DrawTrees = True 
  RunType = “draw trees specific run” 
  ‘put code in to only draw coloured lines for paths upstream of selected path 
 Else 
  DrawTrees = False 
 End If 
 Stage = Application.InputBox(“Enter the number of stages that the path covers (integer between 0, ie. direct energy of 
  target sector, and 5, maximum path length for this operation), Default is 1”, “Input stage number”, 1, , , , , 1) 
 TargetColRef = Application.InputBox(“Enter the 1992-3 Target Sector Code Number (integer between 1 and 113, see 
  column’L’ or column number ‘12’) Default is Residential Building (81)”, “Input Target Sector”, 81, , , , , 1) 
 StageSector = TargetColRef 
 If TargetColRef > 0 And TargetColRef < 114 Then ‘checks whether value is sensible 
  If DrawTrees = True Then 
   EThreshold = Application.InputBox(“Enter the EThreshold Value for the run (number between 1 and  
    0.00001)”,  
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   “Input threshold value”, 0.00005024, , , , , 1) 
  End If 
 Else 
  MSG = “Value is out of range - try again from the beginning” 
  MsgBox MSG 
  SpecificRun 
 End If 
 Cells(10, 1).Value = “Target sector” 
 Cells(10, 2).Value = TargetColRef 
 ReadOAeis 
 If Stage < 1 Then 
  If DrawTrees = False Then 
   SpecifcRunEndBits 
  End If 
 ElseIf Stage > 0 Then 
  SpecificRunStage1 
 End If 
End Sub 
 
Sub SpecificRunStage1() 
 If DrawTrees = False Then 
  Cells(13, 1).Value = “Overall DEI of target sector” 
  Cells(13, 1).HorizontalAlignment = xlLeft 
  Cells(14, 1).Value = OADEI 
  Cells(13, 2).Value = “Overall TEI of target sector” 
  Cells(13, 2).HorizontalAlignment = xlLeft 
  Cells(14, 2).Value = OATEI 
  Range(“A14:B14”).Select 
  Selection.NumberFormat = “0.0000” 
 End If 
 S1Sector = Application.InputBox(“Enter the sector code number for the stage 1 sector (integer between 1 and 113, see 
  column’L’ or column number ‘12’) default is iron and steel (59)”, “Input stage 1 sector”, 59, , , , , 1) 
 S1Coeff = Cells(S1Sector + 2, TargetColRef + 13).Value 
 DEI = Cells(130, S1Sector + 20).Value * S1Coeff 
 TEI = Cells(143, S1Sector + 20).Value * S1Coeff 
 Cells(9, 3).Value = “Stage 1 sector” 
 Cells(10, 3).Value = S1Sector 
 If Stage > 1 Then 
  SpecificRunStage2 
 Else 
  SpecifcRunEndBits 
 End If 
End Sub 
 
Sub SpecificRunStage2() 
 S2Sector = Application.InputBox(“Enter the sector code number for the stage 2 sector (integer between 1 and 113, see 
  column’L’ or column number ‘12’) default is ceramic products (54)”, “Input stage 2 sector”, 54, , , , , 1) 
 S12Coeff = S1Coeff * Cells(S2Sector + 2, S1Sector + 13).Value 
 DEI = Cells(130, S2Sector + 20).Value * S12Coeff 
 TEI = Cells(143, S2Sector + 20).Value * S12Coeff 
 Cells(9, 4).Value = “Stage 2 sector” 
 Cells(10, 4).Value = S2Sector 
 If Stage > 2 Then 
  SpecificRunStage3 
 Else 
  SpecifcRunEndBits 
 End If 
End Sub 
 
Sub SpecificRunStage3() 
 S3Sector = Application.InputBox(“Enter the sector code number for the stage 3 sector”, “Input stage 3 sector”, , , , , , 1) 
 S123Coeff = S12Coeff * Cells(S3Sector + 2, S2Sector + 13).Value 
 DEI = Cells(130, S3Sector + 20).Value * S123Coeff 
 TEI = Cells(143, S3Sector + 20).Value * S123Coeff 
 Cells(9, 5).Value = “Stage 3 sector” 
 Cells(10, 5).Value = S3Sector 
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 If Stage > 3 Then 
  SpecificRunStage4 
 Else 
  SpecifcRunEndBits 
 End If 
End Sub 
 
Sub SpecificRunStage4() 
 S4Sector = Application.InputBox(“Enter the sector code number for the stage 4 sector”, “Input stage 4 sector”, , , , , , 1) 
 S1234Coeff = S123Coeff * Cells(S4Sector + 2, S3Sector + 13).Value 
 DEI = Cells(130, S4Sector + 20).Value * S1234Coeff 
 TEI = Cells(143, S4Sector + 20).Value * S1234Coeff 
 Cells(9, 6).Value = “Stage 4 sector” 
 Cells(10, 6).Value = S4Sector 
 If Stage > 4 Then 
  SpecificRunStage5 
 Else 
  SpecifcRunEndBits 
 End If 
End Sub 
 
Sub SpecificRunStage5() 
 S5Sector = Application.InputBox(“Enter the sector code number for the stage 5 sector”, “Input stage 5 sector”, , , , , , 1) 
 S12345Coeff = S1234Coeff * Cells(S5Sector + 2, S4Sector + 13).Value 
 DEI = Cells(130, S5Sector + 20).Value * S12345Coeff 
 TEI = Cells(143, S5Sector + 20).Value * S12345Coeff 
 Cells(9, 7).Value = “Stage 5 sector” 
 Cells(10, 7).Value = S5Sector 
 If Stage > 5 Then 
  EndSequence 
 Else 
  SpecifcRunEndBits 
 End If 
End Sub 
 
Sub SpecifcRunEndBits() 
 If DrawTrees = False Then 
  Range(“b10:F10”).Select 
  ReplaceSectorNumbers 
  Cells(11, 1).Value = “DEI”,  Cells(11, 2).Value = “TEI”, Cells(12, 1).Value = DEI, Cells(12, 2).Value = TEI 
  Range(“A12:B12”).Select 
  Selection.NumberFormat = “0.00E+00” 
  EndSequence 
 ElseIf DrawTrees = True Then 
  ReadyToGo 
  ReadOAeis 
  StageZero 
  EndSequence 
 End If 
End Sub 
 
Sub PrepareSpecificRun() 
 DrawTrees = False 
 DrawRelatedPaths = ““ 
 RunType = ““ 
 Range(“A7:G16384”).Select 
 Selection.Clear 
End Sub 
 
Sub PrepareDrawTreesSpecificRun() 
 Range(“A13:G16384”).Select 
 Selection.Clear 
 Cells(9, 1).Value = “EThreshold value “ 
 Cells(9, 2).Value = EThreshold 
 Cells(12, 1).Value = “Direct and Total Energy Intensities of paths (GJ/$100)” 
 LabelResultsColumns 
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End Sub 
 
Sub CountZeros() 
 ‘a short, stand-alone sub-routine to count the number of cells in the i-o matrix with zero or other value 
 Cells(2, 12).Value = 0 
 ZeroCount = 0 
 For I = 1 To 113 
  For J = 1 To 113 
   If Cells(I + 2, J + 13).Value = 0 Then 
    ZeroCount = ZeroCount + 1 
   End If 
  Next J 
 Next I 
 Cells(2, 12).Value = ZeroCount 
End Sub 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 277 
Appendix D Composition of large sector groups for the direct energy 
tree diagrams 
The purpose of this appendix is to allocate the 113 sectors into large sector groups for the purpose of 
having eight categories along the x-axis in direct energy tree diagrams. The sectors had to be in 
sequential order of sector code numbers, unlike appendix A (where the 25 sector groups comprised 
sectors which were not necessarily in sequential order). 
 
sector group sector serial sector code 
primary production sheep 1 
 grains 2 
 beef cattle 3 
 dairy cattle 4 
 pigs 5 
 poultry 6 
 other agriculture 7 
 services to agriculture; hunting and trapping 8 
 forestry and logging 9 
 commercial fishing 10 
 coal; oil and gas 11 
 iron ores 12 
 non-ferrous metal ores 13 
 other mining 14 
 services to mining 15 
food and drink meat and meat products 16 
 dairy products 17 
 fruit and vegetable products 18 
 oils and fats 19 
 flour mill products and cereal foods 20 
 bakery products 21 
 confectionery 22 
 other food products 23 
 soft drinks, cordials and syrups 24 
 beer and malt 25 
 wine and spirits 26 
 tobacco products 27 
textiles wool scouring 28 
 textile fibres, yarns and woven fabrics 29 
 textile products 30 
 knitting mill products 31 
 clothing 32 
 footwear 33 
 leather and leather products 34 
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sector group sector serial sector code 
other manu sawmill products 35 
 plywood, veneer and fabricated wood 36 
 other wood products 37 
 pulp, paper and paperboard 38 
 paperboard containers; paper bags and sacks 39 
 other paper products 40 
 printing and services to printing 41 
 publishing; recorded media and publishing 42 
 petroleum and coal products 43 
 fertilisers 44 
 other basic chemicals 45 
 paints 46 
 medicinal and pharmaceutical products; pesticides 47 
 soap and other detergents 48 
 cosmetics and toiletry preparations 49 
 other chemical products 50 
 rubber products 51 
 plastic products 52 
 glass and glass products 53 
 ceramic products 54 
 cement and lime 55 
 concrete slurry 56 
 plaster and other concrete products 57 
 other non-metallic mineral products 58 
 iron and steel 59 
 basic non-ferrous metal and products 60 
 structural metal products 61 
 sheet metal products 62 
 fabricated metal products 63 
 motor vehicles and parts; other transport equipment 64 
capital equ and  ships and boats 65 
construction railway equipment 66 
 aircraft 67 
 photographic and scientific equipment 68 
 electronic equipment 69 
 household appliances 70 
 other electrical equipment 71 
 agricultural machinery 72 
 mining and const. mach.; lifting and material handling equipment 73 
 other machinery and equipment 74 
 prefabricated buildings 75 
 furniture 76 
 other manufacturing 77 
 electricity supply 78 
 gas supply 79 
 water supply; sewerage and drainage services 80 
 residential building construction 81 
 other construction 82 
trade and repairs wholesale trade 83 
 retail trade 84 
 mechanical repairs 85 
 other repairs 86 
 accommodation, cafes and restaurants 87 
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Appendix F Product quantities for demonstration building, by 
element and item 
The purpose of this appendix is to present the product quantities derived by Fay (1997) for the 
demonstration building. Wastage multipliers were multiplied by quantities measured from the building 
documentation by Fay to simulate quantities of prod required for the building. The first columns 
represent data derived mostly from Fay (1997). 
The direct energy paths to which items were assigned are also listed in the final column of the appendix 
(in italics). This last column represents data derived for this dissertation. 
 
element   
 
 
  
product unit measured 
quantity 
(A) 
wastage 
multiplier 
(B) 
delivered 
quantity 
(A x B) 
assigned 
path rank 
substructure       
main building footings conc 30MPa  m3 7.690 1.05 8.075 21 
main building slab  conc 30MPa  m3 5.580 1.15 6.417 21 
main building slab and 
footing reinforcement 
steel t 0.302 1.15 0.347 16 
main building slab bar 
chairs 
steel t 0.004 1.20 0.004 42 
main building slab membrane m2 109.500 1.10 119.350 64 
main building slab conc 15MPa  m3 5.270 1.20 6.324 21 
main building slab sand m3 3.900 1.10 4.290 37 
garage footing conc 30MPa  m3 3.478 1.10 3.826 21 
garage slab conc 30MPa  m3 1.980 1.20 2.376 21 
garage reo steel t 0.188 1.05 0.197 16 
garage membrane membrane m2 22.030 1.10 24.233 64 
upper floors       
flooring particleboard m3 0.770 1.05 0.809 40 
floor trusses timber m3 0.636 1.05 0.668 10 
comprising steel steel t 0.052 10.0 0.052 16 
and more timber  timber m3 0.039 1.05 0.041 10 
beams timber t 0.706 10.0 0.706 10 
ceiling battens timber m3 0.164 1.05 0.172 10 
ceiling lining plasterboard 
13mm 
m2 47.000 1.10 51.700 6 
staircases       
staircase particleboard m3 0.188 1.02 0.191 40 
 timber m3 0.057 1.02 0.058 28 
 plasterboard 
10mm 
m2 12.000 1.10 13.200 6 
 paint m2 12.000 1.05 12.600 34 
 steel t 0.013 10.0 0.013 16 
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element   
 
 
  
product unit measured 
quantity 
(A) 
wastage 
multiplier 
(B) 
delivered 
quantity 
(A x B) 
assigned 
path rank 
roof       
190x35 f5 rafters timber m3 0.358 1.05 0.376 10 
90x45 f5 rafters timber m3 0.044 1.05 0.046 10 
graded battens timber m3 0.128 1.05 0.134 10 
hoop iron steel t 0.008 1.05 0.008 42 
0.53mm steel decking decking m2 40.000 1.05 42.000 8 
0.60 metal tray gutters & 
flashings 
steel t 0.127 1.05 0.133 68 
ply gutter board particleboard m3 0.275 1.10 0.303 40 
downpipes steel t 0.025 1.05 0.026 68 
insulation fibreglass 
batts R2.5 
m2 43.380 1.05 45.549 11 
reflective insulation reflective 
foil 
m2 43.380 1.05 45.549 19 
skylight plastic t 0.001 10.0 0.001 64 
 steel t 0.005 10.0 0.005 16 
45x35 f5 ceiling battens timber m3 0.187 1.05 0.197 10 
ceiling lining plasterboard 
13mm 
m2 40.000 1.10 44.000 6 
garage roof framing timber m3 0.180 1.05 0.189 10 
garage lintels steel t 0.052 1.02 0.053 16 
garage 0.53mm steel 
decking 
decking m2 22.030 1.05 23.132 8 
external walls       
exterior cladding clay brick m2 181.890 1.10 200.079 1 
check mortar figure conc 15MPa  m3 2.546 1.10 2.801 21 
damp proof course reflective 
foil 
m2 22.090 1.10 24.299 19 
framing timber m3 1.734 1.02 1.769 10 
ties steel t 0.007 1.10 0.007 42 
reflective insulation reflective 
foil 
m2 181.890 1.10 200.079 19 
insulation fibreglass 
batts R2.5 
m2 181.890 1.10 200.079 11 
lintels steel t 0.142 1.05 0.149 16 
 timber m3 0.098 1.02 0.100 10 
posts steel t 0.019 10.0 0.019 16 
ext render (south) conc 15MPa  m3 0.527 1.10 0.579 21 
ext render (west) conc 15MPa  m3 0.239 1.10 0.263 21 
ext render (east) conc 15MPa  m3 0.385 1.10 0.423 21 
92 mm skirting MDF 
architrave 
92mm  
m 65.390 1.10 71.929 10 
wall lining plasterboard 
10mm 
m2 181.890 1.10 200.079 6 
garage ext cladding clay brick m2 66.300 1.05 69.615 1 
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element   
 
 
  
product unit measured 
quantity 
(A) 
wastage 
multiplier 
(B) 
delivered 
quantity 
(A x B) 
assigned 
path rank 
windows       
frames (window A) timber m3 0.136 1.10 0.150 28 
glazing clear float 
glass 4mm  
m2 4.603 1.10 5.064 50 
67 mm architrave MDF 
architrave 
67mm  
m 19.760 1.10 21.736 10 
frames (window D) timber m3 0.088 1.10 0.097 28 
glazing toughened 
glass 6mm  
m2 3.310 1.10 3.641 50 
67 mm architrave MDF 
architrave 
67mm  
m 6.010 1.10 6.611 10 
frames (window E) timber m3 0.184 1.10 0.203 28 
glazing clear float 
glass 4mm  
m2 5.645 1.10 6.210 50 
67 mm architrave MDF 
architrave 
67mm  
m 26.400 1.10 29.040 10 
frames (window F) timber m3 0.039 1.10 0.043 28 
glazing clear float 
glass 4mm  
m2 1.362 1.10 1.498 50 
67 mm architrave MDF 
architrave 
67mm  
m 6.260 1.10 6.886 10 
frames (window G) timber m3 0.026 1.10 0.029 28 
glazing clear float 
glass 4mm  
m2 0.647 1.10 0.711 50 
67 mm architrave MDF 
architrave 
67mm  
m 3.740 1.10 4.114 10 
window furniture steel t 0.013 10.0 0.013 42 
 paint m2 6.227 1.20 7.472 34 
external doors       
solid doors (incl frames) timber m3 0.062 10.0 0.062 28 
garage door steel t 0.060 10.0 0.060 68 
door and door frame timber m3 0.045 10.0 0.045 28 
door furniture steel t 0.001 10.0 0.001 42 
internal walls       
clay brick party wall (share) clay brick m2 71.340 1.05 74.907 1 
ties steel t 0.003 1.10 0.003 42 
wall lining plasterboard 
10mm 
m2 71.340 1.10 78.474 6 
framing timber m3 1.020 1.02 1.040 10 
wall lining plasterboard 
10mm 
m2 59.620 1.10 65.582 6 
lintels timber m3 0.032 1.02 0.033 10 
92 mm skirting MDF 
architrave 
92mm  
m 28.800 1.10 31.680 10 
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element   
 
 
  
product unit measured 
quantity 
(A) 
wastage 
multiplier 
(B) 
delivered 
quantity 
(A x B) 
assigned 
path rank 
internal doors       
hollow core doors (incl 
frames) 
timber m3 0.405 10.0 0.405 28 
67 mm architrave MDF 
architrave 
67mm  
m 98.800 1.10 108.680 10 
door furniture steel t 0.010 10.0 0.010 42 
 paint m2 78.930 1.05 82.877 34 
wall finishes       
wet areas tile, ceramic m2 7.500 1.05 7.875 1 
ext wall pb paint paint m2 181.890 1.05 190.985 34 
internal wall pb paint paint m2 133.840 1.05 140.532 34 
floor finishes       
floor tile, ceramic m2 4.730 1.05 4.967 1 
floor vinyl 
flooring 
2mm 
m2 20.750 1.05 21.788 64 
floor carpet m2 62.000 1.05 65.100 136 
ceiling finishes       
ground floor ceiling finish paint m2 47.000 1.05 49.350 34 
first floor ceiling finish paint m2 40.000 1.05 42.000 34 
fitments       
wardrobes particleboard m3 0.263 1.10 0.289 40 
 laminate m3 0.026 1.10 0.029 64 
 steel t 0.001 10.0 0.001 42 
kitchen cupboards particleboard m3 0.501 1.10 0.551 40 
 laminate m3 0.043 1.10 0.047 64 
 steel t 0.002 10.0 0.002 42 
bathroom vanity unit particleboard m3 0.096 1.10 0.106 40 
 laminate m3 0.008 1.10 0.009 64 
 steel t 0.001 10.0 0.001 42 
shower screen toughened 
glass 6mm  
m2 1.260 10.0 1.260 50 
 steel 
stainless 
t 0.001 10.0 0.001 42 
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element   
 
 
  
product unit measured 
quantity 
(A) 
wastage 
multiplier 
(B) 
delivered 
quantity 
(A x B) 
assigned 
path rank 
sanitary fixtures       
laundry trough cabinet steel t 0.010 10.0 0.010 42 
 steel 
stainless 
t 0.005 10.0 0.005 42 
kitchen sink steel 
stainless 
t 0.005 10.0 0.005 42 
toilet vitreous 
china 
t 17.000 10.0 17.000 1 
 plastic t 0.008 10.0 0.008 64 
 steel t 0.005 10.0 0.005 42 
handbasin vitreous 
china 
t 12.000 10.0 12.000 1 
taps steel t 0.001 10.0 0.001 42 
bath steel t 0.055 10.0 0.055 42 
solar hot water service household 
appliances 
$ 2250 10.0 2250 39 
rainwater tank steel t 0.058 10.0 0.058 68 
rainwater tank support steel t 0.048 10.0 0.048 16 
rainwater tank support timber m3 0.039 10.0 0.039 10 
stove household 
appliances 
$ 649 10.0 649.000 39 
refrigerator household 
appliances 
$ 1250 10.0 1250.000 39 
washing machine household 
appliances 
$ 1050 10.0 1050.000 39 
clothes dryer household 
appliances 
$ 400 10.0 400.000 39 
microwave oven household 
appliances 
$ 300 10.0 300.000 39 
dishwasher household 
appliances 
$ 975 10.0 975.000 39 
space heater household 
appliances 
$ 1040 10.0 1040.000 39 
sanitary plumbing       
piping UPVC pipe 
100 
m 25.667 1.05 26.950 64 
 copper t 0.025 1.05 0.026 19 
 UPVC pipe 
(90 slotted) 
m 23.167 1.05 24.325 64 
 sand m3 0.695 1.10 0.765 37 
 UPVC pipe 
100 
m 42.667 1.05 44.800 64 
 sand m3 1.280 1.10 1.408 37 
 screenings m3 5.376 1.10 5.914 37 
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element   
 
 
  
product unit measured 
quantity 
(A) 
wastage 
multiplier 
(B) 
delivered 
quantity 
(A x B) 
assigned 
path rank 
electric light and power       
electrical wiring plastic t 0.009 10.0 0.009 64 
 copper t 0.002 10.0 0.0018 30 
switchboard steel t 0.004 10.0 0.0040 133 
 copper t 0.001 10.0 0.0010 30 
 plastic t 0.002 10.0 0.0020 64 
electrical fittings (lights) plastic t 0.008 10.0 0.0075 64 
15 no steel t 0.008 10.0 0.0075 133 
 toughened 
glass 6mm  
m2 0.250 10.0 0.2500 50 
 copper t 0.002 10.0 0.0015 30 
electrical fittings (pos) plastic t 0.002 10.0 0.0019 64 
 steel t 0.002 10.0 0.0019 133 
 copper t 0.002 10.0 0.0019 30 
base for bollard lights conc 20MPa  m3 0.046 10.0 0.046 21 
25 ø conduit UPVC pipe 
25 
m 7.000 10.0 7.000 64 
20  ø conduit UPVC pipe 
20 
m 27.333 10.0 27.333 64 
40  ø conduit UPVC pipe 
40 
m 15.000 10.0 15.000 64 
roads, footpaths and 
paved areas 
      
driveway (share/unit) screenings m3 8.067 1.10 8.873 37 
 bitumen m3 1.008 1.10 1.109 35 
edging clay brick m3 6.833 1.10 7.517 1 
 sand m3 0.342 1.10 0.376 37 
retaining conc haunch conc 15MPa  m3 0.570 1.10 0.627 21 
boundary walls, fences 
and gates 
      
pailing fence type 1 timber m3 0.377 1.02 0.385 10 
 conc 20MPa  m3 0.169 1.05 0.177 21 
pailing fence type 2 timber m3 0.650 1.02 0.663 10 
 conc 20MPa  m3 0.300 1.05 0.315 21 
landscaping and 
improvements 
      
posts and rafters timber m3 0.403 1.10 0.443 10 
 paint m2 40.300 1.05 42.315 34 
post shoes steel t 0.012 10.0 0.012 16 
special provisions       
furniture furniture $ 8000 10.0 8000 372 
banking banking $ 7000 10.0 7000 52 
Source: Fay, 1997 (except for the last column, which was derived by the author of this thesis) 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 287 
Appendix G Data for the derivation of direct energy intensities for 
selected sectors 
The purpose of this appendix is to present critical data used to derive direct energy intensities for eight 
selected sectors using national statistical energy usage data for the input-output-based hybrid analysis of 
the demonstration building in chapter 4. The first table gives the relationships assumed between fuel 
types and energy supply sectors. This was necessary because the Bush et al (1993) energy usage data was 
not classified by the energy supply sectors used in the input-output data. The second table presents the 
calculation of the amount of primary energy consumed by each of the eight selected sectors (in PJ).  
Table G1 Relationship between fuel types and energy supply sectors  
energy supply sector fuel type 
coal, oil and gas  black coal 
 brown coal 
 crude oil and oil refinery feedstocks 
petroleum, coal prod  coke 
 coal byprod 
 brown coal briquettes 
 wood, woodwaste 
 baggase 
 refinery feedstock 
 LPG 
 auto gasoline-leaded 
 auto gasoline-unleaded 
 aviation gasoline 
 aviation turbine fuel 
 lighting kerosene 
 power kerosene 
 heating oil 
 ADO 
 IDF 
 fuel oil 
 petroleum prod nec 
 solvents 
 lubricants and greases 
 bitumen 
(note: for simulation as a building material, bitumen was allocated to the ‘other basic chemicals’ sector) 
gas supply  natural gas 
 town gas 
electricity supply  solar energy 
 electricity  
 thermal electricity  
NB wood and baggase were exlcuded from the calculations, but comprised less than 5% of total domestic 
availability (Bush et al, 1993, table A12)  
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Table G2 Primary energy consumed by the eight selected sectors 
selected sector 
 
 
energy supply sector 
delivered energy (PJ) 
(Bush et al, 1993, 
table C1) 
(A) 
primary energy 
factors  
(table 3.3)  
(B) 
primary energy 
(PJ)
 
(A x B) 
iron and steel     
coal, oil and gas  187.2 1.2 224.6 
petroleum, coal prod  -21.9 1.4 -30.7 
electricity supply  15.3 3.4 52.0 
gas supply  25.2 1.4 35.3 
basic non-ferrous metals and prod     
coal, oil and gas  54.1 1.2 64.9 
petroleum, coal prod  50.1 1.4 70.1 
electricity supply  88.3 3.4 300.2 
gas supply  106.8 1.4 149.5 
road transport     
petroleum, coal prod  816.4 1.4 1143.0 
gas supply  1.0 1.4 1.4 
rail, pipeline and other transport     
petroleum, coal prod  25.2 1.4 35.3 
electricity supply  6.9 3.4 23.5 
water transport     
coal, oil and gas  4.0 1.2 4.8 
petroleum, coal prod  45.5 1.4 63.7 
gas supply  0.1 1.4 0.1 
air and space transport     
petroleum, coal prod  137.3 1.4 192.2 
other manufacturing     
coal, oil and gas  0.2 1.2 0.2 
petroleum, coal prod  0.3 1.4 0.4 
electricity supply  4.7 3.4 16.0 
gas supply  3.2 1.4 4.5 
water, sewerage, drainage     
petroleum, coal prod  0.5 1.4 0.7 
electricity supply  4.8 3.4 16.3 
gas supply  0.4 1.4 0.6 
NB negative values indicate fuel production 
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Appendix H Modification of direct energy paths for the demonstration 
building  
The purpose of this appendix is to detail the modification of direct energy paths for the demonstration 
building. Firstly, the product prices used are listed (including the derivation of the total cost of the 
demonstration building. Secondly, the calculations for direct energy path for which product quantities 
were derived are detailed. Thirdly, calculations for direct energy paths relating to the eight selected 
sectors for which only direct energy intensities were derived using the data presented in the previous 
appendix are detailed. Fourthly, a schedule for the modification of direct energy tree diagrams to reflect 
the modification of direct energy paths for the demonstration building is given. Fifthly, unvalidated paths 
in the top 90 are listed. Unvalidated paths in the top 592 can be determined by deduction from those 
listed in appendix E. Finally, the calculation of the unmodified is detailed. 
Table H1 Product prices used in the modification of product quantities  
material unit price 
($/unit) 
source 
(see 
below) 
comments serial sector code 
number for  associated 
sector 
banking $ na na pure input-output  94 
bitumen m3  340 1, p.647 hot bituminous conc 25mm thick 45 
clay bricks m2  23.1 2, p.23 cartage extra 54 
carpet m2  103.5 1, p.410 commercial quality wool woven 
medium use, supplied with underlay 
30 
cement t 175 2, p.20 cartage extra 55 
clear float glass 
4mm  
m2  68 1, p.417 commercial prices 53 
conc 15MPa  m3  92 1, p.224 - 56 
conc 20MPa  m3  98 1, p.224 - 56 
conc 30MPa  m3  110 1, p.224 - 56 
copper t 12,384 1, p.281 sheet material price 60 
decking m2  20 2, p.25 Colourguard Sundek 500mm 59 
fibreglass batts 
R2.5 
m2  9.75 1, p.321 Glasswool, R 2.5, commercial rate 58 
furniture $ na na pure input-output  76 
laminate m3  27,683 2, p.29 1.2 mm Laminex standard grade, 
wholesale price 
52 
particleboard m3  478 2, p.28 18mm, compressed flat sheet, trade 
price 
36 
MDF architrave 
67mm  
m 5.5 1, p.332 75*25 skirting, commercial rate 36 
MDF architrave 
92mm  
m 6.3 1, p.333 100*25 skirting, commercial rate 36 
membrane m2  0.93 2, p.21 Fortecon 4000, ICI Australia 52 
paint m2  2.225 2, p.45 washable flat, astotaling 8 m2/litre, 2 
coats 
46 
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material unit price 
($/unit) 
source 
(see 
below) 
comments serial sector code 
number for  associated 
sector 
plasterboard 10mm m2  7.25 1, p.652 assumed 50% labour 57 
plasterboard 13mm m2  9 na based on 10mm price by thickness pro 
rata, assumed 50% labour 
57 
plastic t 27,683 na assumed same as laminate 52 
reflective foil m2  4.3 1, p.320 based on aluminium figure; 453 double 
sided, fire resistant, anti-glare, 
commercial rate 
60 
sand m3  28 2, p.20 packing sand 14 
screenings m3  36 2, p.20 crushed rock 14 
steel t 1,645 2, p.25 250UB31, astotaling 31 kg/m 59 
steel stainless t 9,053 1, p.282 sheet price 59 
tile, ceramic m2  29 1, p.408 tiling in sheets, 100*100, supplied, 
comm rate 
54 
timber m3  1350 1, p.314 100*50 local hardwood studs, F8, 
comm rate 
35 
tough glass 6mm  m2  165 1, p.418 commercial rate 53 
UPVC pipe (90mm 
slot) 
m 8.7 1, p.465 slotted PVC flexible coil pipe, comm 
rate 
52 
UPVC pipe 100 m 11.05 1, p.464 commercial rate 52 
UPVC pipe 20 m 2.21 na based on UPVC100 price 52 
UPVC pipe 25 m 2.76 na based on UPVC100 price 52 
UPVC pipe 40 m 4.42 na based on UPVC100 price 52 
vinyl flooring 2mm m2  29 1, p.414 Multifloor Granit, 2mm supplied, 
comm rate 
52 
vitreous china kg 4.53 2, p.41 Caroma Concorde Suite, coloured, 
assumed 20kg 
54 
household 
appliances 
$ na na pure input-output  70 
Sources: 1 The Rawlinsons Group (1993) Rawlinsons Australian Construction Handbook 1993, 
  Rawlhouse Publishing, np.  
 2 Anon. (1993) Housing, Victorian building cost indices. 
 
NB  The total cost for the demonstration building of $98 092.50 was derived by multiplying an average 
price for Melbourne, semi-detached units ($797.50/m2, The Rawlinsons Group, 1993, p. 58) by the 
building area for the demonstration building (123 m2, Fay, 1998).  
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 291 
Table H2 Direct energy paths with modified product quantities 
direct energy path 
(rank) 
 
product  
unit measured 
quantity 
(appendix F) 
(A) 
direct energy intensity 
(GJ/unit) (appendix B, 
table B1 unless otherwise 
noted) (B) 
direct energy (GJ) 
(A x B) 
‘ceramic prod’ (1)     
clay bricks m2 352.1 0.754 266.50 
tiles, ceramic m2 12.8 1.303 16.74 
vitreous china kg 29.0 0.204 5.90 
source for ‘clay bricks’ direct energy intensity was Wagner 1995 (sub-section 4.2.3)  
‘cement and lime’ into ‘conc slurry’ (3)   
cement in 15 MPa conc t 3.090 12.2 37.68 
cement in 20 MPa conc t 0.172 12.2 2.10 
cement in 30 MPa conc t 8.280 12.2 101.83 
assumed cement input for mortar and render equals 15 MPa conc by volume   
‘plaster and other conc prod’ (6)   
plasterboard 10mm m2 357.3 0.087 31.30 
plasterboard 13mm m2 95.7 0.109 10.40 
‘iron and steel’ (8)     
colourbond decking m2 64.000 0.592 38.50 
source for ‘iron and steel’ direct energy intensity from national statistical data  
‘sawmill prod’ (10)     
timber (structural),  m3 6.23 5.060 31.50 
excluding staircase, window frames, and doors  
‘other non-metallic mineral products’ (11)     
fibreglass batts R2.5 m2 246 0.161 39.60 
‘iron and steel’ into ‘structural metal products’ (16)    
structural steel t 1.10 48.7 51.10 
source for ‘iron and steel’ direct energy intensity from national statistical data, assumed 
structural steel price 
 
‘basic non-ferrous metals and products’ (19)     
copper t 0.0259 660.000 17.10 
reflective foil m2 267.0000 0.229 61.90 
source for ‘basic non-fe metals and prod’ direct energy intensity from national statistical data  
‘concrete  slurry’ (21)     
15 MPa conc m3 11.017 0.166 1.82 
20 MPa conc m3 0.538 0.176 0.09 
30 MPa conc m3 20.700 0.198 4.10 
‘sawmill prod’ into ‘other wood products’ (28)     
timber m3 1.09 5.06 5.52 
assumed same price as structural timber   
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direct energy path 
(rank) 
 
product  
unit measured 
quantity 
(appendix F) 
(A) 
direct energy intensity 
(GJ/unit) (appendix B, 
table B1 unless otherwise 
noted) (B) 
direct energy (GJ) 
(A x B) 
‘basic non-ferrous metals and prod’ into ‘other electrical equipment’ (30) 
copper t 0.00620 757 4.69 
source for ‘basic non-fe. metals and prod’ direct energy intensity from national statistical data, 
assumed sheet copper price 
 
‘plywood, veneer and fabricated wood’ into ‘other wood prod’ (32)  
timber m3 0.405 27.6 11.20 
assumed whole door comprises plywood and fabricated wood, assumed same price as MDF  
‘paints’ (34) m2 568 0.00498 2.83 
‘other basic chemicals’ (35)     
bitumen m3 1.11 7.93 8.79 
‘other mining’ (37)     
sand  m3 6.84 0.260 1.78 
screenings m3 14.80 0.335 4.95 
‘househld appliances’ (39) $ 7910 0.00193 15.30 
‘plywood, veneer and fabricated wood’ (40)     
MDF and particleboard  m3 2.25 4.44 9.99 
MDF architrave 67mm  m 177 0.0511 9.05 
MDF architrave 92mm  m 104 0.0585 6.06 
‘iron and steel’ into ‘fabricated metal products’ (42)    
steel t 0.099 48.7 4.82 
stainless steel t 0.011 48.7 0.54 
source for ‘iron and steel’ direct energy intensity from national statistical data, assumed same 
price as structural steel 
 
‘glass and glass products’ (50)     
clear float glass 4mm m2 13.50 1.87 25.20 
toughened glass 6mm  m2 5.15 4.54 23.40 
including glass in the ‘electric light and power’ items   
‘banking’ (52) $ 7000.00 0.00107 7.47 
assumed $100 000 borrowed over 12 months by contractor at 7% pa  
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direct energy path 
(rank) 
 
product  
unit measured 
quantity 
(appendix F) 
(A) 
direct energy intensity 
(GJ/unit) (appendix B, 
table B1 unless otherwise 
noted) (B) 
direct energy (GJ) 
(A x B) 
‘plasic products’ (64)     
laminate t 0.09 85.70000 7.28 
plastic t 0.03 85.70000 2.52 
membrane m2 144000 0.00288 0.41 
vinyl flooring m2 21.80 0.08970 1.95 
UPVC pipe (90 slotted) m 24.30 0.02690 0.66 
UPVC pipe 100 m 71.70 0.03420 2.45 
UPVC pipe 20 m 27.30 0.00684 0.19 
UPVC pipe 25 m 7.00 0.00855 0.06 
UPVC pipe 40 m 15.00 0.01370 0.21 
‘iron and steel’ into ‘sheet metal products’ (68)    
steel t 0.296 48.7 14.40 
source for ‘iron and steel’ direct energy intensity from national statistical data, assumed same 
price as structural steel 
 
‘iron and steel’ into ‘other electrical equipment’ (133)    
steel t 0.0134 48.7 0.65 
source for ‘iron and steel’ direct energy intensity from national statistical data, assumed same 
price as structural steel 
 
‘textile products’ (136)     
carpet m2 65.1 0.364 23.70 
‘furniture’ (372) $ 8000 0.00120 9.58 
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Table H3 Direct energy paths with only modified direct energy intensities relating 
to the eight selected sectors 
iron and steel 
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 stage 3 stage 4 
23 3.88 8.69 iron & steel iron & steel   
41 1.86 4.16 plaster & conc 
prod 
iron & steel   
61 1.17 2.62 house apps iron & steel   
67 1.03 2.30 struc met prod iron & steel iron & steel  
71 0.92 2.05 struc met prod struc met prod iron & steel  
88 0.70 1.57 iron & steel iron & steel iron & steel  
125 0.42 0.94 min & cons equ iron & steel   
128 0.39 0.88 struc met prod fab met prod iron & steel  
143 0.34 0.75 plaster & conc 
prod 
iron & steel iron & steel  
145 0.33 0.74 fab met prod iron & steel iron & steel  
159 0.27 0.60 plaster & conc 
prod 
struc met prod iron & steel  
181 0.22 0.50 other wood prod iron & steel   
193 0.21 0.47 house apps iron & steel iron & steel  
195 0.20 0.45 oth mach & equ iron & steel   
209 0.19 0.42 struc met prod iron & steel iron & steel iron & steel 
210 0.18 0.41 sheet metal prod iron & steel iron & steel  
216 0.18 0.41 conc slurry iron & steel   
229 0.17 0.37 struc met prod struc met prod iron & steel iron & steel 
231 0.16 0.36 other wood prod struc met prod iron & steel  
252 0.15 0.33 struc met prod struc met prod struc met prod iron & steel 
280 0.13 0.28 iron & steel iron & steel iron & steel iron & steel 
286 0.13 0.28 fab met prod fab met prod iron & steel  
317 0.11 0.25 fab met prod struc met prod iron & steel  
396 0.09 0.19 other wood prod fab met prod iron & steel  
435 0.08 0.17 min & cons equ iron & steel iron & steel  
439 0.07 0.17 mechanical 
repairs 
motor veh equ iron & steel  
453 0.07 0.16 struc met prod fab met prod iron & steel iron & steel 
465 0.07 0.15 other electrical 
equipment 
iron & steel iron & steel  
485 0.06 0.14 struc met prod struc met prod fab met prod iron & steel 
487 0.06 0.14 road tran motor veh equ iron & steel  
495 0.06 0.14 plaster & conc 
prod 
iron & steel iron & steel iron & steel 
499 0.06 0.13 furniture iron & steel   
503 0.06 0.13 fab met prod iron & steel iron & steel iron & steel 
516 0.06 0.13 plaster & conc 
prod 
plaster & conc 
prod 
iron & steel  
520 0.06 0.13 conc slurry cement and lime iron & steel  
566 0.05 0.12 motor veh equ iron & steel   
578 0.05 0.11 prefab bldgs iron & steel   
number of 
paths 
total total net difference    
37 14.24 31.85 +17.61     
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basic non-ferrous metals and prod 
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 stage 3 stage 4 
18 5.52 7.78 struc met prod non-fe met prod   
20 5.19 7.31 iron & steel non-fe met prod   
31 2.60 3.66 fab met prod non-fe met prod   
49 1.57 2.21 sheet metal prod non-fe met prod   
53 1.38 1.94 struc met prod iron & steel non-fe met 
prod 
 
54 1.34 1.89 other wood prod non-fe met prod   
69 0.97 1.36 paints non-fe met prod   
70 0.94 1.32 iron & steel iron & steel non-fe met 
prod 
 
73 0.91 1.28 ceramic prod non-fe met prod   
74 0.89 1.25 struc met prod struc met prod non-fe met 
prod 
 
103 0.56 0.78 struc met prod fab met prod non-fe met 
prod 
 
118 0.45 0.63 plaster & conc 
prod 
iron & steel non-fe met 
prod 
 
120 0.44 0.62 fab met prod iron & steel non-fe met 
prod 
 
131 0.39 0.55 struc met prod non-fe met prod non-fe met 
prod 
 
134 0.37 0.52 non-fe met prod non-fe met prod   
135 0.36 0.51 iron & steel non-fe met prod non-fe met 
prod 
 
140 0.35 0.49 house apps non-fe met prod   
155 0.28 0.40 house apps iron & steel non-fe met 
prod 
 
162 0.26 0.37 plaster & conc 
prod 
struc met prod non-fe met 
prod 
 
169 0.25 0.35 struc met prod iron & steel iron & steel non-fe met prod 
171 0.25 0.35 sheet metal prod iron & steel non-fe met 
prod 
 
185 0.22 0.31 house apps other electrical 
equipment 
non-fe met 
prod 
 
187 0.22 0.31 struc met prod struc met prod iron & steel non-fe met prod 
202 0.19 0.27 other electrical 
equipment 
other electrical 
equipment 
non-fe met 
prod 
 
213 0.18 0.26 other electrical 
equipment 
non-fe met prod non-fe met 
prod 
 
215 0.18 0.26 fab met prod non-fe met prod non-fe met 
prod 
 
220 0.18 0.25 fab met prod fab met prod non-fe met 
prod 
 
225 0.17 0.24 iron & steel iron & steel iron & steel non-fe met prod 
239 0.16 0.22 other wood prod struc met prod non-fe met 
prod 
 
259 0.14 0.20 struc met prod struc met prod struc met prod non-fe met prod 
271 0.13 0.19 plastic prod non-fe met prod   
297 0.12 0.17 other wood prod fab met prod non-fe met 
prod 
 
300 0.12 0.17 min & cons equ non-fe met prod   
313 0.11 0.16 paints other basic 
chemicals 
non-fe met 
prod 
 
320 0.11 0.15 sheet metal prod non-fe met prod non-fe met 
prod 
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rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 stage 3 stage 4 
323 0.11 0.15 oth mach & equ non-fe met prod   
326 0.11 0.15 fab met prod struc met prod non-fe met 
prod 
 
337 0.10 0.14 min & cons equ iron & steel non-fe met 
prod 
 
358 0.10 0.14 struc met prod iron & steel non-fe met 
prod 
non-fe met prod 
363 0.10 0.13 other basic 
chemicals 
non-fe met prod   
368 0.09 0.13 struc met prod fab met prod iron & steel non-fe met prod 
369 0.09 0.13 other wood prod non-fe met prod non-fe met 
prod 
 
379 0.09 0.13 struc met prod struc met prod fab met prod non-fe met prod 
381 0.09 0.13 other electrical 
equipment 
iron & steel non-fe met 
prod 
 
405 0.08 0.11 plaster & conc 
prod 
iron & steel iron & steel non-fe met prod 
414 0.08 0.11 fab met prod iron & steel iron & steel non-fe met prod 
463 0.07 0.10 paints non-fe met prod non-fe met 
prod 
 
466 0.07 0.09 iron & steel iron & steel non-fe met 
prod 
non-fe met prod 
468 0.07 0.09 ceramic prod other basic 
chemicals 
non-fe met 
prod 
 
470 0.07 0.09 plaster & conc 
prod 
struc met prod iron & steel non-fe met prod 
480 0.06 0.09 ceramic prod non-fe met prod non-fe met 
prod 
 
488 0.06 0.09 struc met prod struc met prod non-fe met 
prod 
non-fe met prod 
543 0.05 0.08 other wood prod iron & steel non-fe met 
prod 
 
554 0.05 0.07 plastic prod other basic 
chemicals 
non-fe met 
prod 
 
563 0.05 0.07 prefab bldgs non-fe met prod   
570 0.05 0.07 furniture non-fe met prod   
571 0.05 0.07 house apps iron & steel iron & steel non-fe met prod 
number of 
paths 
total total net difference    
57 29.19 41.11 +11.92     
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road transport  
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 stage 3 stage 4 
4 28.46 190.43 road tran    
13 8.32 55.66 conc slurry road tran   
22 3.96 26.51 plaster & conc 
prod 
road tran   
33 2.54 16.99 other wood prod road tran   
38 2.15 14.40 sawmill prod road tran   
82 0.77 5.17 ceramic prod road tran   
94 0.63 4.20 other wood prod sawmill prod road tran  
111 0.50 3.33 struc met prod road tran   
115 0.48 3.23 non-met min 
prod 
road tran   
126 0.41 2.77 sawmill prod sawmill prod road tran  
137 0.36 2.40 iron & steel road tran   
163 0.26 1.73 oth prop serv road tran   
194 0.21 1.40 conc slurry other mining road tran  
224 0.17 1.15 fab met prod road tran   
263 0.14 0.93 road tran road tran   
288 0.12 0.83 plaster & conc 
prod 
conc slurry road tran  
296 0.12 0.82 plaster & conc 
prod 
plaster & conc 
prod 
road tran  
298 0.12 0.81 other wood prod sawmill prod sawmill prod road tran 
299 0.12 0.81 house apps road tran   
311 0.11 0.76 conc slurry cement and lime road tran  
348 0.10 0.67 other electrical 
equipment 
road tran   
364 0.10 0.64 struc met prod iron & steel road tran  
366 0.10 0.64 paints road tran   
376 0.09 0.61 wholesale trade road tran   
387 0.09 0.59 plaster & conc 
prod 
cement and lime road tran  
400 0.08 0.56 other wood prod plaster & conc 
prod 
road tran  
402 0.08 0.55 plaster & conc 
prod 
other mining road tran  
412 0.08 0.54 struc met prod struc met prod road tran  
413 0.08 0.53 sawmill prod sawmill prod sawmill prod road tran 
429 0.08 0.51 other wood prod ply, fab wood road tran  
458 0.07 0.46 other mining road tran   
474 0.06 0.43 iron & steel iron & steel road tran  
498 0.06 0.40 ply, fab wood road tran   
511 0.06 0.39 ceramic prod non-met min 
prod 
road tran  
523 0.06 0.38 sawmill prod forest & log road tran  
525 0.06 0.37 sheet metal prod road tran   
number of 
paths 
total total net difference    
36 51.21 342.61 +291.40     
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rail, pipeline and other transport 
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 
150 0.31 0.59 rail, pipeline 
and other tran 
 
269 0.14 0.26 conc slurry rail, pipeline and other tran 
277 0.13 0.24 iron & steel rail, pipeline and other tran 
336 0.10 0.19 plaster & conc 
prod 
rail, pipeline and other tran 
number of 
paths 
total total net difference  
4 0.68 1.28 +0.60   
water transport 
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 
211 0.18 0.36 water tran  
342 0.10 0.19 iron & steel water tran 
number of 
paths 
total total net difference  
2 0.28 0.55 +0.27  
air and space transport 
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 stage 3 
72 0.92 0.67 air & sp tran   
87 0.71 0.52 oth prop serv air & sp tran  
91 0.66 0.48 wholesale trade air & sp tran  
161 0.26 0.19 banking air & sp tran  
168 0.25 0.18 ceramic prod air & sp tran  
203 0.19 0.14 government 
administration 
air & sp tran  
241 0.16 0.11 road tran air & sp tran  
305 0.12 0.09 struc met prod air & sp tran  
382 0.09 0.06 other wood prod air & sp tran  
395 0.09 0.06 oth prop serv comm serv air & sp tran 
422 0.08 0.06 insurance air & sp tran  
466 0.07 0.05 plaster & conc 
prod 
air & sp tran  
481 0.06 0.05 paints air & sp tran  
483 0.06 0.05 conc slurry other mining air & sp tran 
505 0.06 0.04 other wood prod wholesale trade air & sp tran 
525 0.06 0.04 house apps air & sp tran  
541 0.05 0.04 comm serv air & sp tran  
583 0.05 0.04 sawmill prod air & sp tran  
number of 
paths 
total total net difference   
18 3.94 2.88 -1.06   
other manufacturing 
rank initial value (GJ) modified value (GJ) stage 1 
401 0.08 0.49 other manufacturing 
number of 
paths 
    net difference 
1     +0.40 
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water supply; sewerage and drainage services 
rank initial value 
(GJ) 
modified 
value (GJ) 
stage 1 stage 2 stage 3 
62 1.17 0.38 oth prop serv water serv  
80 0.78 0.25 water serv   
343 0.10 0.03 legal serv water serv  
347 0.10 0.03 oth prop serv legal serv water serv 
479 0.06 0.02 insurance water serv  
584 0.05 0.02 oth prop serv res & tech serv water serv 
589 0.05 0.02 iron & steel water serv  
number of 
paths 
total total net difference   
7 2.31 0.75 -1.57   
NB some sector names were abbreviated 
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Table H4 Schedule of data used for the plotting of direct energy tree diagrams for 
the demonstration building 
path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
1 1.7011 1 1 
2 1.0000 2 2 
3 3.8095 1 2 
4 6.6901 2 1 
5 1.0000 2 2 
6 1.6424 1 2 
7 1.0000 2 2 
8 1.7932 1 1 
9 1.0000 2 2 
10 3.3632 1 2 
11 4.4311 1 2 
12 1.0000 2 2 
13 6.6901 2 1 
14 1.0000 2 2 
15 1.0000 2 2 
16 8.9712 1 1 
17 1.0000 2 2 
18 1.4084 2 1 
19 15.1304 1 1 
20 1.4084 2 1 
21 1.2624 1 2 
22 6.6901 2 1 
23 2.2373 2 1 
24 1.0000 2 2 
25 1.0000 2 2 
26 1.0000 2 2 
27 1.0000 2 2 
28 2.0216 1 2 
29 1.0000 2 2 
30 1.8028 1 1 
31 1.4084 2 1 
32 4.3829 1 2 
33 6.6901 2 1 
34 1.1983 1 2 
35 3.8148 1 2 
36 1.0000 2 2 
37 3.0116 1 2 
38 6.6901 2 1 
39 7.2885 1 2 
40 12.4602 1 2 
41 2.2373 2 1 
42 2.9337 1 1 
43 1.0000 2 2 
44 1.0000 2 2 
45 1.0000 2 2 
46 1.0000 2 2 
47 1.0000 2 2 
48 1.0000 2 2 
49 1.4084 2 1 
50 31.1541 1 2 
51 1.0000 2 2 
52 5.2807 1 2 
53 1.4084 2 1 
54 1.4084 2 1 
55 1.0000 2 2 
56 1.0000 2 2 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 301 
path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
57 1.0000 2 2 
58 1.0000 2 2 
59 1.0000 2 2 
60 1.0000 2 2 
61 2.2373 2 1 
62 0.3236 2 1 
63 1.0000 2 2 
64 14.2245 1 2 
65 1.0000 2 2 
66 1.0000 2 2 
67 2.2373 2 1 
68 14.0841 1 1 
69 1.4084 2 1 
70 1.4084 2 1 
71 2.2373 2 1 
72 0.7314 2 1 
73 1.4084 2 1 
74 1.4084 2 1 
75 1.0000 2 2 
76 1.0000 2 2 
77 1.0000 2 2 
78 1.0000 2 2 
79 1.0000 2 2 
80 0.3236 2 1 
81 1.0000 2 2 
82 6.6901 2 1 
83 1.0000 2 2 
84 1.0000 2 2 
85 1.0000 2 2 
86 1.0000 2 2 
87 0.7314 2 1 
88 2.2373 2 1 
89 1.0000 2 2 
90 1.0000 2 2 
91 0.7314 2 1 
92 1.0000 2 2 
93 1.0000 2 2 
94 6.6901 2 1 
95 1.0000 2 2 
96 1.0000 2 2 
97 1.0000 2 2 
98 1.0000 2 2 
99 1.0000 2 2 
100 1.0000 2 2 
101 1.0000 2 2 
102 1.0000 2 2 
103 1.4084 2 1 
104 1.0000 2 2 
105 1.0000 2 2 
106 1.0000 2 2 
107 1.0000 2 2 
108 1.0000 2 2 
109 1.0000 2 2 
110 1.0000 2 2 
111 6.6901 2 1 
112 1.0000 2 2 
113 1.0000 2 2 
114 1.0000 2 2 
115 6.6901 2 1 
116 1.0000 2 2 
117 1.0000 2 2 
118 1.4084 2 1 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
119 1.0000 2 2 
120 1.4084 2 1 
121 1.0000 2 2 
122 1.0000 2 2 
123 1.0000 2 2 
124 1.0000 2 2 
125 2.2373 2 1 
126 6.6901 2 1 
127 1.0000 2 2 
128 2.2373 2 1 
129 1.0000 2 2 
130 1.0000 2 2 
131 1.4084 2 1 
132 1.0000 2 2 
133 1.7697 1 1 
134 1.4084 2 1 
135 1.4084 2 1 
136 65.3469 1 2 
137 6.6901 2 1 
138 1.0000 2 2 
139 1.0000 2 2 
140 1.4084 2 1 
141 1.0000 2 2 
142 1.0000 2 2 
143 2.2373 2 1 
144 1.0000 2 2 
145 2.2373 2 1 
146 1.0000 2 2 
147 1.0000 2 2 
148 1.0000 2 2 
149 1.0000 2 2 
150 1.8864 2 1 
151 1.0000 2 2 
152 1.0000 2 2 
153 1.0000 2 2 
154 1.0000 2 2 
155 1.4084 2 1 
156 1.0000 2 2 
157 1.0000 2 2 
158 1.0000 2 2 
159 2.2373 2 1 
160 1.0000 2 2 
161 0.7314 2 1 
162 1.4084 2 1 
163 6.6901 2 1 
164 1.0000 2 2 
165 1.0000 2 2 
166 1.0000 2 2 
167 1.0000 2 2 
168 0.7314 2 1 
169 1.4084 2 1 
170 1.0000 2 2 
171 1.4084 2 1 
172 1.0000 2 2 
173 1.0000 2 2 
174 1.0000 2 2 
175 1.0000 2 2 
176 1.0000 2 2 
177 1.0000 2 2 
178 1.0000 2 2 
179 1.0000 2 2 
180 1.0000 2 2 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
181 2.2373 2 1 
182 1.0000 2 2 
183 1.0000 2 2 
184 1.0000 2 2 
185 1.4084 2 1 
186 1.0000 2 2 
187 1.4084 2 1 
188 1.0000 2 2 
189 1.0000 2 2 
190 1.0000 2 2 
191 1.0000 2 2 
192 1.0000 2 2 
193 2.2373 2 1 
194 6.6901 2 1 
195 2.2373 2 1 
196 1.0000 2 2 
197 1.0000 2 2 
198 1.0000 2 2 
199 1.0000 2 2 
200 1.0000 2 2 
201 1.0000 2 2 
202 1.4084 2 1 
203 0.7314 2 1 
204 1.0000 2 2 
205 1.0000 2 2 
206 1.0000 2 2 
207 1.0000 2 2 
208 1.0000 2 2 
209 2.2373 2 1 
210 2.2373 2 1 
211 1.9327 2 1 
212 1.0000 2 2 
213 1.4084 2 1 
214 1.0000 2 2 
215 1.4084 2 1 
216 2.2373 2 1 
217 1.0000 2 2 
218 1.0000 2 2 
219 1.0000 2 2 
220 1.4084 2 1 
221 1.0000 2 2 
222 1.0000 2 2 
223 1.0000 2 2 
224 6.6901 2 1 
225 1.4084 2 1 
226 1.0000 2 2 
227 1.0000 2 2 
228 1.0000 2 2 
229 2.2373 2 1 
230 1.0000 2 2 
231 2.2373 2 1 
232 1.0000 2 2 
233 1.0000 2 2 
234 1.0000 2 2 
235 1.0000 2 2 
236 1.0000 2 2 
237 1.0000 2 2 
238 1.0000 2 2 
239 1.4084 2 1 
240 1.0000 2 2 
241 0.7314 2 1 
242 1.0000 2 2 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
243 1.0000 2 2 
244 1.0000 2 2 
245 1.0000 2 2 
246 1.0000 2 2 
247 1.0000 2 2 
248 1.0000 2 2 
249 1.0000 2 2 
250 1.0000 2 2 
251 1.0000 2 2 
252 2.2373 2 1 
253 1.0000 2 2 
254 1.0000 2 2 
255 1.0000 2 2 
256 1.0000 2 2 
257 1.0000 2 2 
258 1.0000 2 2 
259 1.4084 2 1 
260 1.0000 2 2 
261 1.0000 2 2 
262 1.0000 2 2 
263 6.6901 2 1 
264 1.0000 2 2 
265 1.0000 2 2 
266 1.0000 2 2 
267 1.0000 2 2 
268 1.0000 2 2 
269 1.8864 2 1 
270 1.0000 2 2 
271 1.4084 2 1 
272 1.0000 2 2 
273 1.0000 2 2 
274 1.0000 2 2 
275 1.0000 2 2 
276 1.0000 2 2 
277 1.8864 2 1 
278 1.0000 2 2 
279 1.0000 2 2 
280 2.2373 2 1 
281 1.0000 2 2 
282 1.0000 2 2 
283 1.0000 2 2 
284 1.0000 2 2 
285 1.0000 2 2 
286 2.2373 2 1 
287 1.0000 2 2 
288 6.6901 2 1 
289 1.0000 2 2 
290 1.0000 2 2 
291 1.0000 2 2 
292 1.0000 2 2 
293 1.0000 2 2 
294 1.0000 2 2 
295 1.0000 2 2 
296 6.6901 2 1 
297 1.4084 2 1 
298 6.6901 2 1 
299 6.6901 2 1 
300 1.4084 2 1 
301 1.0000 2 2 
302 1.0000 2 2 
303 1.0000 2 2 
304 1.0000 2 2 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 305 
path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
305 0.7314 2 1 
306 1.0000 2 2 
307 1.0000 2 2 
308 1.0000 2 2 
309 1.0000 2 2 
310 1.0000 2 2 
311 6.6901 2 1 
312 1.0000 2 2 
313 1.4084 2 1 
314 1.0000 2 2 
315 1.0000 2 2 
316 1.0000 2 2 
317 2.2373 2 1 
318 1.0000 2 2 
319 1.0000 2 2 
320 1.4084 2 1 
321 1.0000 2 2 
322 1.0000 2 2 
323 1.4084 2 1 
324 1.0000 2 2 
325 1.0000 2 2 
326 1.4084 2 1 
327 1.0000 2 2 
328 1.0000 2 2 
329 1.0000 2 2 
330 1.0000 2 2 
331 1.0000 2 2 
332 1.0000 2 2 
333 1.0000 2 2 
334 1.0000 2 2 
335 1.0000 2 2 
336 1.8864 2 1 
337 1.4084 2 1 
338 1.0000 2 2 
339 1.0000 2 2 
340 1.0000 2 2 
341 1.0000 2 2 
342 1.9327 2 1 
343 0.3236 2 1 
344 1.0000 2 2 
345 1.0000 2 2 
346 1.0000 2 2 
347 0.3236 2 1 
348 6.6901 2 1 
349 1.0000 2 2 
350 1.0000 2 2 
351 1.0000 2 2 
352 1.0000 2 2 
353 1.0000 2 2 
354 1.0000 2 2 
355 1.0000 2 2 
356 1.0000 2 2 
357 1.0000 2 2 
358 1.4084 2 1 
359 1.0000 2 2 
360 1.0000 2 2 
361 1.0000 2 2 
362 1.0000 2 2 
363 1.4084 2 1 
364 6.6901 2 1 
365 1.0000 2 2 
366 6.6901 2 1 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
367 1.0000 2 2 
368 1.4084 2 1 
369 1.4084 2 1 
370 1.0000 2 2 
371 1.0000 2 2 
372 102.6300 1 2 
373 1.0000 2 2 
374 1.0000 2 2 
375 1.0000 2 2 
376 6.6901 2 1 
377 1.0000 2 2 
378 1.0000 2 2 
379 1.4084 2 1 
380 1.0000 2 2 
381 1.4084 2 1 
382 0.7314 2 1 
383 1.0000 2 2 
384 1.0000 2 2 
385 1.0000 2 2 
386 1.0000 2 2 
387 6.6901 2 1 
388 1.0000 2 2 
389 1.0000 2 2 
390 1.0000 2 2 
391 1.0000 2 2 
392 1.0000 2 2 
393 1.0000 2 2 
394 1.0000 2 2 
395 0.7314 2 1 
396 2.2373 2 1 
397 1.0000 2 2 
398 1.0000 2 2 
399 1.0000 2 2 
400 6.6901 2 1 
401 2.3698 2 1 
402 6.6901 2 1 
403 1.0000 2 2 
404 1.0000 2 2 
405 1.4084 2 1 
406 1.0000 2 2 
407 1.0000 2 2 
408 1.0000 2 2 
409 1.0000 2 2 
410 1.0000 2 2 
411 1.0000 2 2 
412 6.6901 2 1 
413 6.6901 2 1 
414 1.4084 2 1 
415 1.0000 2 2 
416 1.0000 2 2 
417 1.0000 2 2 
418 1.0000 2 2 
419 1.0000 2 2 
420 1.0000 2 2 
421 1.0000 2 2 
422 0.7314 2 1 
423 1.0000 2 2 
424 1.0000 2 2 
425 1.0000 2 2 
426 1.0000 2 2 
427 1.0000 2 2 
428 1.0000 2 2 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
429 6.6901 2 1 
430 1.0000 2 2 
431 1.0000 2 2 
432 1.0000 2 2 
433 1.0000 2 2 
434 1.0000 2 2 
435 2.2373 2 1 
436 1.0000 2 2 
437 1.0000 2 2 
438 1.0000 2 2 
439 2.2373 2 1 
440 1.0000 2 2 
441 1.0000 2 2 
442 1.0000 2 2 
443 1.0000 2 2 
444 1.0000 2 2 
445 1.0000 2 2 
446 0.7314 2 1 
447 1.0000 2 2 
448 1.0000 2 2 
449 1.0000 2 2 
450 1.0000 2 2 
451 1.0000 2 2 
452 1.0000 2 2 
453 2.2373 2 1 
454 1.0000 2 2 
455 1.0000 2 2 
456 1.0000 2 2 
457 1.0000 2 2 
458 6.6901 2 1 
459 1.0000 2 2 
460 1.0000 2 2 
461 1.0000 2 2 
462 1.0000 2 2 
463 1.4084 2 1 
464 1.0000 2 2 
465 2.2373 2 1 
466 1.4084 2 1 
467 1.0000 2 2 
468 1.4084 2 1 
469 1.0000 2 2 
470 1.4084 2 1 
471 1.0000 2 2 
472 1.0000 2 2 
473 1.0000 2 2 
474 6.6901 2 1 
475 1.0000 2 2 
476 1.0000 2 2 
477 1.0000 2 2 
478 1.0000 2 2 
479 0.3236 2 1 
480 1.4084 2 1 
481 0.7314 2 1 
482 1.0000 2 2 
483 0.7314 2 1 
484 1.0000 2 2 
485 2.2373 2 1 
486 1.0000 2 2 
487 2.2373 2 1 
488 1.4084 2 1 
489 1.0000 2 2 
490 1.0000 2 2 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
491 1.0000 2 2 
492 1.0000 2 2 
493 1.0000 2 2 
494 1.0000 2 2 
495 2.2373 2 1 
496 1.0000 2 2 
497 1.0000 2 2 
498 6.6901 2 1 
499 2.2373 2 1 
500 1.0000 2 2 
501 1.0000 2 2 
502 1.0000 2 2 
503 2.2373 2 1 
504 1.0000 2 2 
505 0.7314 2 1 
506 1.0000 2 2 
507 1.0000 2 2 
508 1.0000 2 2 
509 1.0000 2 2 
510 1.0000 2 2 
511 6.6901 2 1 
512 1.0000 2 2 
513 1.0000 2 2 
514 1.0000 2 2 
515 1.0000 2 2 
516 2.2373 2 1 
517 1.0000 2 2 
518 1.0000 2 2 
519 1.0000 2 2 
520 2.2373 2 1 
521 1.0000 2 2 
522 1.0000 2 2 
523 6.6901 2 1 
524 1.0000 2 2 
525 0.7314 2 1 
526 1.0000 2 2 
527 1.0000 2 2 
528 1.0000 2 2 
529 6.6901 2 1 
530 1.0000 2 2 
531 1.0000 2 2 
532 1.0000 2 2 
533 1.0000 2 2 
534 1.0000 2 2 
535 1.0000 2 2 
536 1.0000 2 2 
537 1.0000 2 2 
538 1.0000 2 2 
539 1.0000 2 2 
540 1.0000 2 2 
541 0.7314 2 1 
542 1.0000 2 2 
543 1.4084 2 1 
544 1.0000 2 2 
545 1.0000 2 2 
546 1.0000 2 2 
547 1.0000 2 2 
548 1.0000 2 2 
549 1.0000 2 2 
550 1.0000 2 2 
551 1.0000 2 2 
552 1.0000 2 2 
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path 
rank 
ratio of modified value to initial 
value (tables H2,3 / appendix E) 
product quantity (modified = 1, 
unmodified = 2)
direct energy (modified = 1, 
unmodified = 2) 
553 1.0000 2 2 
554 1.4084 2 1 
555 1.0000 2 2 
556 1.0000 2 2 
557 1.0000 2 2 
558 1.0000 2 2 
559 1.0000 2 2 
560 1.0000 2 2 
561 1.0000 2 2 
562 1.0000 2 2 
563 1.4084 2 1 
564 1.0000 2 2 
565 1.0000 2 2 
566 2.2373 2 1 
567 1.0000 2 2 
568 1.0000 2 2 
569 1.0000 2 2 
570 1.4084 2 1 
571 1.4084 2 1 
572 1.0000 2 2 
573 1.0000 2 2 
574 1.0000 2 2 
575 1.0000 2 2 
576 1.0000 2 2 
577 1.0000 2 2 
578 2.2373 2 1 
579 1.0000 2 2 
580 1.0000 2 2 
581 1.0000 2 2 
582 1.0000 2 2 
583 0.7314 2 1 
584 0.3236 2 1 
585 1.0000 2 2 
586 1.0000 2 2 
587 1.0000 2 2 
588 1.0000 2 2 
589 0.3236 2 1 
590 1.0000 2 2 
591 1.0000 2 2 
592 1.0000 2 2 
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Table H5 Unvalidated direct energy paths in the top 90 
direct 
energy 
value  
(GJ) 
stage 1 stage 2 stage 3 rank 
142 direct energy (stage 0)   2 
028.4 plaster and other conc prod cement and lime  5 
024.4 other property services   7 
009.40 cement and lime   9 
008.54 wholesale trade   12 
006.83 fabricated metal prod   14 
006.73 conc slurry other mining  15 
005.69 ceramic prod ceramic prod  17 
003.78 other wood prod   24 
003.10 structural metal prod   25 
002.82 government administration   26 
002.75 paints other basic chemicals  27 
002.66 plaster and other conc prod other mining  29 
002.27 ceramic prod cement and lime  36 
001.82 legal services   43 
001.81 other property services legal services 44 
001.80 sawmill prod sawmill prod  45 
001.75 sawmill prod forestry and logging  46 
001.70 other electrical equipment   47 
001.58 ceramic prod other basic chemicals  48 
001.47 structural metal prod fabricated metal prod  51 
001.31 services to transport; storage   55 
001.30 other non-met mineral prod cement and lime  56 
001.29 other property services research and technical services 57 
001.28 plastic prod other basic chemicals  58 
001.25 insurance   59 
001.22 research and technical services  60 
001.14 structural metal prod glass and glass prod  63 
001.08 ceramic prod other non-metallic mineral prod  65 
001.06 iron and steel iron ores  66 
000.874 plaster and other conc prod plaster & other conc prods cement and lime 75 
000.860 conc slurry cement and lime cement and lime 76 
000.845 iron and steel ceramic prod  77 
000.826 sheet metal prod    78 
000.812 accom, cafes and restaurants   79 
000.780 plaster and other conc prod plaster and other conc prod  81 
000.768 other wood prod wholesale trade  83 
000.763 other property services communication services  84 
000.746 other business services   85 
000.715 wholesale trade services to trans; storage  86 
000.683 other electrical equipment other basic chemicals  89 
000.663 plaster and other conc prod cement and lime cement and lime 90 
NB initial values were derived by multiplying direct energy path values from appendix E by the product 
price for the demonstration building of $98 092.50, some sector names were abbreviated. 
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Appendix I Homogeneity of selected sectors  
This appendix analyses the homogeneity of several selected sectors. These sectors are in some cases 
different to the sectors selected for the derivation of direct energy intensities in appendix G. The 
commodities comprising each sector are listed, along with the proportion that each commodity comprised 
of the sector’s total economic output (based on ABS, 1996b).  
‘Ceramic prod’  
• ‘clay bricks’ (54.4%),  
• ‘refractories’ (11.7%),  
• ‘industrial ceramic goods’ (0.04%),  
• ‘tiles, roofing, flooring and wall, ceramic’ (11.8%),  
• ‘ceramic construction goods nec’ (na),  
• ‘wash basins and sanitary wear’ (na),  
• ‘tableware, ornamental pottery and domestic ware nec’ (5.4%),  
• ‘ceramic goods nec’ (2.8%),  
• ‘other income’ (2.9%), and 
• ‘increase in stocks - work-in-progress’ (-0.05%, negative due to a decrease in stocks).  
 
‘Plaster and other conc prod’ 
• ‘plaster boards, sheets, panels and tiles’ (na),  
• ‘plaster goods nec (including plaster of paris)’ (na),  
• ‘conc, cement, fibrous-cement or artificial stone pipes’ (na),  
• ‘conc, cement and artificial stone bricks, blocks, building boards, tiles and accessories’ (44.1%),  
• ‘conc, cement and artificial stone prod nec (including conc roofing tiles)’ (14.0%),  
• ‘other income’ (na)’, and  
• ‘increase in stocks - work-in-progress’ (0.1%).  
 
‘Other property services’  
• ‘property operator and developer services’ (57.6%),  
• ‘real estate agent services’ (16.2%),  
• ‘agricultural or pastoral property broking, leasing, renting or valuing’ (1.7%),  
• ‘non-financial asset investors’ (0.1%),  
• ‘motor vehicle hire’ (4.7%),  
• ‘ship and boat leasing or hire (except on a financial lease basis)’ (0.2%),  
• ‘caravan, car box or horse trailer hire’ (2.7%),  
• ‘transport container leasing or hire’ (0.1%),  
• ‘transport equipment leasing nec’ (2.1%), and  
• ‘plant leasing, hiring and renting services’ (14.6%).  
 
‘Iron and steel’ 
• ‘retort carbon, metallurgical coke and coke breeze’ (1.5%); 
• ‘pig iron spiegeleisen, sponge iron, iron or steel granules and powders’ (na); 
• ‘ferro-alloys’ (na); 
• ‘primary forms (including ingots) and semi-finished prod of iron or steel (excluding roughly shaped 
by forging’ (11.1%); 
• ‘flat rolled prod of iron or non-alloy steel, not plated or coated’ (na); 
• ‘flat rolled prod of iron or non-alloy steel, plated or coated’ (16.3%); 
• ‘flat rolled prod of alloy steel’ (3.5%); 
• ‘iron and steel bars, rods, angles, shapes and sections’ (na); 
• ‘steel sheet, prifiled decking and cladding (excluding coiled), painted or coated’ (na); 
• ‘railway and tramway construction material, of iron or steel’ (0.6%); 
• ‘iron and steel basic prod and by-prod nec’ (na); 
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• ‘iron castings’ (4.6%); 
• ‘steel castings nec’ (3.6%); 
• ‘iron and steel forging’ (na); 
• ‘tubes, pipes and hollow profiles, of iron or steel (excluding cast iron and seamless)’ (na); 
• ‘steam, ‘gas supply’ and water fittings, valves and parts, ferrous (excl. moulded cast iron)’ (0.8%); 
• ‘other income’ (0.6%); 
• ‘increase in stocks - work-in-progress’ (-0.1%); and 
• ‘waste from manufacturer or further processing of iron and steel’ (0.3%). 
 
‘Structural metal prod’  
• ‘constructional steel, fabricated) (27.9%), 
• ‘steel reinforcing rods and bars’ (16.3%), 
• ‘welded steel wire reinforcing mesh’ (7.5%), 
• ‘doors, windows, door and window frames, curtain walls, aluminium’ (24.3%), 
• ‘door-window units, aluminium’ (3.4%), 
• ‘architectural aluminium prod (exlc. sheet metal), for building nec’ (6.0%), 
• ‘windows and window-frames, iron or steel’ (0.5%), 
• ‘doors, hinged, sliding, roll shut (excl. roll grilles) or tilt, metal or metal framed (excl. alum.)’ (3.7%), 
• architectural metal prod (excl. sheet metal), for building nec’ (6.6%), 
• ‘repairing and servicing’ (0.8%), 
• ‘other income’ (2.7%), and 
• ‘increase in stocks - work in progress’ (0.1%). 
 
‘Basic non-ferrous metals and prod’ 
• ‘alumina (including waste)’ (20.8%),  
• ‘primary recovery of aluminium (incl. secondary recovery from drosses, ashes, etc)’ (21.0%),  
• ‘secondary recovery of aluminium from purchased scrap; waste’ (na),  
• ‘primary rec. of copper and brass (incl. sec. rec. from drosses, ashes, etc)’ (na), 
• ‘primary rec. of silver, lead and zinc (incl. sec. rec. from drosses, ashes, etc)’ (na), 
• ‘secondary recovery of copper, silver, lead and zinc from purchased scrap, waste’ (na), 
• ‘copper, silver, lead and zinc alloys, powders and flakes’ (0.0%), 
• ‘primary recovery of nickel (including secondary recovery from drosses, ashes, etc)’ (12.5%), 
• ‘primary recovery of non-fe metals nec (incl. secondary recovery from drosses, ashes, etc)’ (1.6%), 
• ‘secondary recovery of non-ferrous metals from purchased scrap; waste’ (na),  
• ‘non-ferrous metal alloys, powders and flakes’ (0.1%), 
• ‘bars, rods (incl. wire rod) and profiles (incl. decking and cladding), alum. and alum. alloys’ 
(4.5%%), 
• ‘foil, aluminium (thickness not exceeding 20 mm) (1.2%)’,  
• ‘pipe, tube (excl. hollow rod and bar), sheet, plate, strip and other alum. prod nec (incl. waste)’ 
(6.8%), 
• ‘rods (incl. wire rod), bars and profiles (solid and hollow), copper and alloy (incl. brass)’ (3.0%), 
• ‘wire (excl. wire rod), copper and alloy (incl. brass; excl. stranded, braided or insulated)’ (0.2%), 
• ‘rolled, drawn and extruded copper and alloy prod nec (incl. pipes, tubes, sheets, plate, strip, etc)’ 
(na), 
• ‘non-ferrous rolled and extruded prod nex (incl. powders, flakes and waste)’ (0.1%), 
• ‘non-ferrous metal castings and forgings (incl. waste)’ (2.5%), 
• ‘other income’ (0.4%), and 
• ‘increase in stocks - work in progress’ (-0.2%).  
 
‘Plywood, veneer and fabricated wood’  
• ‘veneers’ (4.7%),  
• ‘plywood’ (15.9%),  
• ‘fibreboard’ (na),  
• ‘boards nec (incl. particle board)’ (19.8%),  
• ‘decorative plastic laminates (incl. on particle board)’ (36.7%),  
• ‘other income’ (na), and  
• ‘increase in stocks - work in progress’ (-0.4%). 
Graham J. Treloar June 1998 A Comprehensive Framework for Embodied Energy Analysis  
Appendices  page 313 
NB Percentages may not total due to rounding error, some commodity names were abbreviated
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Glossary        
allocation the ‘partitioning’ of energy requirements to more than one output of a process, either 
by economic value or some physical unit (Boustead and Hancock, 1979) 
bill of quantities a list of quantities of materials and products required for the construction of a 
building, often generated for cost control of larger projects 
capital energy the energy embodied in equipment and buildings associated with a process  
delivered energy  “... energy as metered at the supply point to the consumer ...” (Connaughton, 1987, 
p.172) 
depth limitation the restriction of the length of paths extracted from an input-output model in a ‘depth 
first’ search algorithm (after Ulanowicz, 1983) 
direct energy  the energy purchased directly to sustain a process, including that for anciliary 
functions such as transport, lighting, administration activities, and storage. 
direct energy 
intensity  
the direct energy required by a process, per unit of the product 
direct energy 
path  
a discrete energy requirement, possibly occuring one or more transactions upstream 
from the process under consideration (in primary energy terms) 
direct energy 
tree  
a plot of direct energy paths for a process  
direct input-
output matrix 
an input-output matrix which describes direct exchanges between compartments of a 
system 
direct 
requirements 
coefficients  
elements (ie cells) in the direct input-output matrix 
direct self input a direct energy path involving a direct transfer from a compartment into itself 
downstream a positive direction for the consideration of product flows  
embodied 
energy  
the energy required directly and indirectly in all activities associated with the 
provision of a good or service, including the amounts consumed in all upstream 
processes, including fuels manufacture, and the share of energy used in making 
equipment and in other ancillary functions  
embodied 
energy analysis 
“... the systematic study of the inputs and outputs of any process, and the numerical 
assignment of energy values to each input ...” (Peet and Baines, 1986, p.12)  
energy the enthalpy of fossil fuels and derivatives  
energy intensity  the total energy embodied in one unit of a product, unless specified as either the direct 
or indirect energy intensity, or an energy intensity for an upstream stage 
enthalpy the heat of combustion of a material or fuel (Boustead and Hancock, 1979) 
flux sources  energy sources that have to be intercepted using a collector 
framework the scope of an embodied energy analysis which defines its scope (also called the 
system boundary, Baird and Chan, 1983) 
free energy  the maximum amount of energy that a system can make available (Baird and Chan, 
1983) 
fuel resource   a fuel that is able to be transported from place to place 
fuel splits the proportion of each fuel type embodied directly and/or indirectly in a product  
gross energy 
requirement  
the total energy embodied in a product, including the enthalpy of the materials 
comprising the product (IFIAS, 1974) 
hybrid analysis  the combination of process analysis and input-output analysis data  
indirect energy  the energy embodied in inputs of goods and services to a process 
indirect energy 
intensity 
the indirect energy required by a process, per unit of the product 
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indirect self 
input 
a direct energy path involving an indirect transfer from a compartment into itself 
input-output 
analysis  
the use of national economic and energy data in a model to derive national average 
embodied energy data in a comprehensive framework  
input-output-
based hybrid 
analysis  
a hybrid embodied energy analysis method in which process analysis data is 
substituted into the input-output framework  
input-output 
model  
the combination of input-output tables, energy tariffs and, if required, primary energy 
factors, to calculate the energy embodied in sector outputs 
life-cycle 
assessment  
the assessment of environmental impacts relating to the various life-cycle phases of a 
product, including manufacture, use, modification and disposal 
matrix inversion  the mathematical transformation of a square ‘singular’ matrix, A, such that when the 
inverse matrix, A-1, is multiplied by A, the result is the identity matrix, I (ie, the matrix 
equivalent of unity, Namboodiri, 1984) 
net energy 
requirement  
the energy made available by the manufacture or recovery of a fuel, calculated by 
subtracting the enthalpy of the primary energy consumed in the production of the fuel 
from the enthalpy of the produced fuel (IFIAS, 1974) 
statistical 
analysis 
derivation of embodied energy data through analysis of statistics for groups of like 
companies or national economc sectors 
particular path a series of one or more transactions between compartments of a system (Patten and 
Higashi, 1995) 
primary energy  the enthalpy of energy resources in their natural state (or, for flux sources, the 
enthalpy of the equivalent energy resource) 
primary energy 
factor  
the primary energy embodied in one unit of a fuel (ie a dimensionless ratio) 
process analysis  the determination of the energy required by a process, and the energy required to 
provide inputs to the process, and the inputs to those processes, and so forth 
process-based 
hybrid analysis  
a hybrid embodied energy analysis method in which total energy intensities derived 
using input-output analysis are applied to product quantities derived using process 
analysis 
process energy 
requirement  
the direct and indirect energy embodied in a product, excluding the enthalpy of the 
materials comprising the product (IFIAS, 1974) 
product 
intensity 
the quantity of a product required by a process, per unit of the product 
singular matrix a square matrix that is able to be inverted validly (Namboodiri, 1984) 
stage S a point upstream from a process which involves S intermediate transactions 
threshold value  a variable used to reject unimportant direct energy paths  
total energy 
intensity 
the total energy required by a process, per unit of the product (equalling the sum of the 
direct and indirect energy intensities) 
total embodied 
energy   
the sum of the direct and indirect energy required by a process 
total 
requirements 
coefficients  
cells (elements) in the Leontief inverse input-output matrix  
tracer line a line on a direct energy tree diagram designating the existence of a product flow 
upstream a negative direction for the consideration of product flows  
value line a line on a direct energy tree diagram indicating the direct energy value of paths 
NB some of these definitions were derived from Treloar (1994), mostly requiring rewriting, but those 
sourced from others are fully refereced 
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